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Abstract 
Low-energy positron scattering has been conducted for over 40 years and large discrepan-
cies ( > 20%) in the measured cross sections have plagued both experimental and theoretical 
results. The advent of the Surko buffer-gas trap has provided for sufficiently large num-
bers of positrons, with previously unmatched angular and energy distributions, which has 
allowed for the measurement of absolute cross sections with absolute uncertainties of less 
than 10%. Continual improvement of the experimental techniques has allowed for the 
separation of the partial scattering channels. These results are crucial for testing our the-
oretical understanding of the scattering process and for modeling of positron transport in 
con1plex systems. 
The experiments reported in this thesis used a scattering apparatus which incorporated 
a radiative 22 a sotffce of po itrons that were moderated using solid neon and cooled fur-
ther b a Surko buffer-gas trap . Those positrons were subsequently scattered from various 
atomic and molecular gases in a cylindrical cattering cell . Scattered and unscattered 
positrons e1nerging from the cattering cell were energy analysed with a retarding poten-
tial analy er to determine their energy loss, which enabled the determination of various 
scattering cross sections . 
Ab olute elastic differential , grand total , total elastic , total inelastic and po itronium 
formation cattering cross sections for energie between 1 and 200 e V are presented for a 
number of atomic and n1olecular species . vVhere possible , knowledge of the experimental 
limitations are combined with theoretical calculations to estimate the amount of the angu-
lar scattering mis ed due to the finite angular resolution of the experi1nent . Comparison of 
both grand total and partial total cross sections are compared to a number of theoretical 
calcula ion and preYiou experimental re ults , again where po ible. 
- ro a ing electric field. or :rotating-wall: electrode: was implemented to increase the 
central den ity of the positron beam. The operational phase pace was explored in the 
context of the tandard running parameters of this Surko-trap y tern used for atomic and 
molecular ca ering experiment . ~Iechani m for compression are reviewed in the context 
of applicability o the operational parameter of the trap and in the understanding of the 
dominant mechani m . The limitations in the implementation are discussed in regard to 
ca tering experiment from atom and n1olecule . 
Finall -. the conclu ion of thi ·work are ummarised . and future research directions 
briefly noted. 
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Chapter 1 
Introduction 
The use of positrons is now com1non in humanity's exploration of the nature of the physical 
world. Scattering experin1ents fron1 thermal ( energies of rv25 111e V) to relativistic velocities 
are routinely carried out in various laboratories using apparatus ranging in size from a 
tabletop to large storage rings . P ositrons have found applications in medical physics , 
,;vhere their unique properties allovv functional in1aging of biological processes, and in 
material science. It has been less than 100 years since the prediction and discovery of the 
positron, with a significant a1nount of work being perfonned during that ti1ne in observing, 
understanding and controlling positrons for use in the exploration of antin1atter collisions 
with 1natter . 
The sin1plest co1npanson between electron and positron scattering fron1 aton1ic or 
1nolecular targets is in the elastic scattering channel. The elastic scattering problen1 for 
positrons and electrons differs due to their opposite charge, typically resulting in very 
different scattering cross sections . The exchange interaction in which an incident elec-
tron takes the place of an aton1ic or molecular target-electron leads to rich effects on the 
scattering dyna1nics ·whereas the positron does not undergo this interaction as it is dis-
tinguishable fro1n an electron. At high collision energies, the grand total scattering cross 
section for electrons and positrons converge [1] since the interaction potential between the 
positron-target and electron-target are now do1ninated by the san1e potential [2]. 
Experin1ental investigations of low-energy positron scattering have been linlited due to 
lo-w 111oderation efficiencies and large energy spreads , until the developn1ent of the Surko 
buffer-gas trap [3] coupled with a high-efficiency neon 111oderator [4]. That con1bination 
provides a syste1n vvith high positron flux and low energy ·width allowing 111easuren1ents 
of channel-resolved scattering, such as electronic and vibrational excitations. 
This work i part of a program ain1ed at exploring the funda1nental interaction of 
po itrons with aton1s and molecules . The variety of targets and 1neasurements considered is 
a reflection of the wealth of pos ibilities in positron scattering due to the complexity of the 
interaction. The ability to determine absolute scattering cro s sections. both differential 
and total , provides a trict test for the validity of 1nodern theoretical calculations . 
In positron scattering fron1 atonlic species , below the po itronium formation thre hold. 
only the elastic scattering channel i open. 1v1easurement of the grand total cattering 
cross section, and theoretical calculations below thi threshold . are no"r at the benchinark 
level for the case of po itron-heliun1 scattering [5]. Ho-wever. there is ignificant theoretical 
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difficulty in calculating positron-atom collisions once the positronium formation channel 
is open. The formation of a neutral , bound, state of a positron and an electron lead 
to a scattering problem which is inherently two-centred, since the positronium atom has 
internal structure. This difficulty has required calculations of greater complexity to treat 
the two centres [6). 
A series of recent measurements of positron scattering from the noble gase has been 
compared to theoretical calculations, which do not consider the two centre nature of the 
scattering problem [5, 7- 9). General agreement was found below the positroniun1 formation 
threshold between experiment and theory. For example, con1parison of elastic differential 
scattering cross sections for Krypton [8) and Xenon [9) have shown general agree1nent 
below the positronium formation threshold, but deviate above the threshold where the 
experiment appears to be more forward peaked than most theoretical work. Recently, 
McEachran and Stauffer [10) modified the relativistic optical potential 111ethod simulat-
ing positronium formation. A comparison of the available theoretical and experimental 
angular differential cross sections for positron-helium scattering is reviewed, in light of 
experimental limitations, in Chapter 5. 
The binding of positrons to atomic targets is of great interest both experimentally and 
theoretically, due to their, in principle, similarity to temporary negative ion resonances 
in electron scattering. There have been many predictions of binding to a number of 
atomic targets [11, 12), but only a few of those studies have considered binding to excited 
states [13 , 14). Chapter 6 covers a search for recently predicted resonance , due to the 
presence of a positron bound to a doubly-excited state of helium. 
l\!Iany of the theoretical methods used to describe po itron- or electron-atom colli-
sions have been extended to positron-molecule collisions. This ha provided a wealth 
of results for the 1nost fundamental of molecular targets, H2. A number of theoretical 
methods have been applied to positron-1nolecular hydrogen scattering: such as the Com-
plex fodel Potential [15), Single-Centre Convergent Close Coupling ( CCC) l\!Iethod [16), 
Swinger l\!Iultichannel [17), and R-l\!Iatrix Approach [18). Despite this large body of work , 
significant discrepancies occur at low energies . Chapter 7 compares new measurements of 
positron scattering from molecular hydrogen to the results from various calculations at the 
grand total, elastic differential and total last ic, and total inelastic level, with particular 
attention paid to scattering energies below the positronium formation threshold. 
Channel coupling in scattering physics is a well established phenomenon. One man-
ifestation of such channel coupling occurs in the elastic scattering cross section, due to 
the onset of an inelastic scattering channel, and is referred to as a Wign r Cusp [19). A 
number of xamples can be found for cusps in electron scattering which led to the s arch 
for cusps in positron scattering where, positronium formation could , in principle , lead to 
a feature in the elastic scattering channel. Recently, a serie of cusps were observed in the 
total elastic scattering cross ection for positrons scattering with the noble gases [20) . o 
trend wa . however. observed in the magnitude or width of the cusp and no theor tical 
work has been able to reproduce these results as yet. Chapt r 8 discu ses the result of 
3 
a search for Wigner Cusps in molecules isoelectronic with Neon: Water (H20) i Ammonia 
(NH3 ) and Methane (CH4 ) , and in the molecule isoelectronic with Helium; i.e. H2. 
Positron bea1ns generated in a Surko style buffer gas trap can be tailored using a 
'rotating-vvall ' or RW electrode. A radio-frequency (RF) electric field couples to positrons 
in the potential trap preferentially driving the positrons toward the electrodes axis of sym-
metry and thereby effectively compressing the positrons radially. Two regimes have been 
found which describe the compression mechanism, and they are reviewed in comparison 
to the operational paran1eters of the current experi1nental apparatus in Chapter 9. 
4 In troduction 
Chapter 2 
Overview of Positron Scattering 
This chapter initially briefly reviews the channelis that are available when a positron 
( or an electron in most case ) collides with an atom or molecule . It also includes a 
short comparison of positron versus electron cattering behaviour . Finally; a review of 
the theoretical approaches that are currently employed to describe positron-atom and 
positron-molecule scattering is given. Niost of that discussion is limited to heliu1n and 
molecular hydrogen; reflecting the experi1nental data presented in later chapters . 
Introduction 
Positron collisions with atoms and molecules have the same general scattering channels 
available as electrons (2 .2-2.6) with a few notable exceptions (2.1 and 2.7): 
e+ + AB(v. J) 
-+ n + AB+(v; J) . Annihilation (an ). (2.1 ) 
-+ e+ + AB(v. J) . Elastic (a1cs): (2.2) 
-+ e+ + AB(v': J') : Ro-vibrational Excitation (avib) . (2 .3) 
-+ e++A+ B.Di ociation ( a Diss) . (2 .4) 
-+ e+ +AB* . Electronic Excitation (a Exe) . (2 .5) 
-+ e + + AB+ + e-; Direct Ionisation ( a Jon): (2 .6) 
-+ Ps (e-e+) + AB+:Positroniun1 Forn1ation (aps). (2 .7) 
However. he different interaction potentials in positron and electron cattering can lead 
to large diff rence in the energy dependence of the cro section belo\\- a fe"-- hundred 
electron volt . The exploration of difference between electron and positron scattering 
cross section . in thi energy range. provide in ight into the funda1nental nature of scat-
tering ph ic . The focus of thi discus ion will be on proce se (2 .1 ) through to (2. 7) . but 
thi li t i not exhau ti e. The underlying mechani ms or interaction "--hich cau e the 
difference between electron and po itron cat ering are un1Illari ed in table 2.1. Only 
the polari a ion potential i the ame when cattering "--ith a po itron or electron. The 
lack of the exchange interaction in po itron cattering ignificantl reduce the number 
of acces ible elec ronicall excited a e hereb - decrea ing he ob er ed co1nplexi y of. 
5 
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or amount of structure in , the energy loss spectrum, see §2.4. Positronium forrnation, 
however , provides a scattering channel to rival the complexity of the exchange interaction. 
It is the goal of low-energy positron scattering to det ermine the magnitude and energy 
Table 2.1 : e+ and e- interaction comparisons. 
Electrons Positrons 
Static Potential attractive repulsive 
Polarisation Potential attractive attractive 
Electron Exchange ./ X 
Positronium Formation X ./ 
e- ,e+ Annihilation X ./ 
dependence of scattering cross sections, in an effort to understand the interactions of the 
positrons in various media. 1VIuch of the earlier experimental and theoretical work has 
been summarised in a number of review articles and books , e.g. [21- 23], to which the 
reader is referred for more details . 
2.1 Annihilation 
The annihilation channel is unique to antimatter collisions and provides a powerful tool 
for the investigation of antimatter (positron) scattering. When a positron and electron 
collide, or their wavefunctions overlap sufficiently, and annihilation occurs, a number of, 
rays are produced with energies summing to the rest mass of the electron , the positron and 
the collisional kinetic energy. These , rays are not readily absorbed in most materials and 
thus can be transported to appropriate detectors. This relative ease of detection provides 
a signal which can be related to atomic and molecular parameters, as was first shown in 
positron scattering from gases [24]. 
The spins of the positron and electron can be parallel or anti-parallel in the annihilation 
process , leading to an odd or even number of annihilat ion photons resp ctiv ly. Dirac 
derived the fully relativistic cross section for the singlet spin state [25], 
(J = 411r~ 1 ,2 + 4, +_ 1 zn ( J 2 _ 1) _ , + 3 ] 
2, ' + 1 l ,2 - 1 ' + ' J ,2 - 1 (2 . ) 
where r 0 is the clas ical electron radius and , is th Lorentz factor. However, the non-
relativistic approxin1ation is often sufficient . The 2-, annihilation cross section can be 
written in terms of 0"2, [26], 
(2 .9) 
where ZeJ J is a dimensionless parameter. Zeff represents the effective nu1nber of lectrons 
allowing for complex interactions. and in 1nolecular systems where addit ional degree of 
freedom are present. can have a value up to 107 . The annihilation rate , r , for positron 
colli ions with atoms or 1nolecules can be written in terms of the Dirac 2, annihilation 
§2.2 Elastic Scattering 7 
cross section, 
(2.10) 
where v is the velocity of the positron , c is the speed of light, and n and p are the 
number density of the gas . Note that ZeJ f has been calculated for a number of atomic 
and molecular targets [27, 28]. The 3, cross section is also considered negligible in most 
experiments having been shown to be 370 times smaller than the 2, cross section [29] . 
In the case of the present experiment, the 2, annihilation cross section is also considered 
negligible as it is up to 5 orders-of-magnitude smaller than the grand total scattering cross 
section at low energies [21]. 
2.2 Elastic Scattering 
At very large distances neither the electron nor the positron are attracted or repelled 
by a neutral atom or molecule. VVhen a positron or an electron approach an atomic or 
molecular target, they begin to polarise the target ato1n or molecule. Eventually, as the 
projectile gets closer still, the amount of screening of the heavy nucleus decreases due 
to the polarisation of the target and the static Coulomb interaction dominates and is 
attractive for electrons and repulsive for positrons. The interplay of the polarization and 
static potentials tends to dominate the scattering of positrons and electrons. Knowledge of 
these potentials allows for the calculation of the scattering cross section and measurement 
of these cross sections provides insight into the scattering potentials. Experimental aspects 
of this thesis will be discussed in the following Chapter. 
Elastic scattering does not change the internal state of the target and can be defined 
(2 .11 ) 
where no excitation of the internal structure of A occurs (remembering that t he e+ has 
no internal structure) . The elastic scattering cross section can be defined for an incident 
beam of flux, fi , or current of particles. A detector is assumed to be placed far from the 
interaction region at polar angles 8 and ¢ defining the solid angle dD. The proportionality 
constant relating the number of scattered n 8 positrons into dD to the incident flux , Ji, is 
da( e' </>) or 
d ( e I ) = ns ( e' </>) dD a . <D . 
,, Ji (2.12) 
The elastic differential scattering cross section is then written as , 
a ( e. ch) = da ( e </>) = n s ( e i </>) . 
DCS I' dO f · , 
"" 'I, 
(2.13) 
where ns ( 8, </>) contains the angular cattering information and Ji is the incident flux. 
The integral elastic cross section (ICS) or total elastic scattering cross section can be 
8 Overview of Positron Scattering 
determined by integrating the angular dependence, 
a-1cs = j a-vcs(B, rj,)dfl. (2 .14) 
Azimuthal symmetry allows the above integral to be written in terms of a single scattering 
angle, 
a-1cs = 21r j a-vcs(B)sinBdB. (2.15) 
Combining all of the possible scattering channels frorn (2.1-2.7) above, the grand total 
scattering cross section or GTCS can be written as, 
O' GTC S = O' n "( + O' IC S + O' Ro-vib. + O' Dissociation + O' Excitation + O' Direc-tl onisation + O' P s, ( 2 .16) 
where each term is a function of the incident positron energy. In scattering from atoms, the 
annihilation and elastic scattering channels are the only open channels below the posi tro-
ni um formation threshold. As previously discussed, the cross section for annihilation can 
be considered to be negligible. Thus , a measurement of the grand total scattering cros 
section below the positronium formation threshold consists of only the elastic scattering 
channel and is equivalent to the total elastic cross section, 
O"JCS = O'GTCS, for E < EPs · (2.17) 
If the first electronic excitation energy is above the positronium formation threshold, then 
the total elastic scattering cross section is equivalent to the grand total scattering cros 
section minus the positronium formation cross section, 
O'JCS = O'GTCS - O'Ps, for E < EistExc- (2 .18) 
The grand total scattering cross section for scattering from n1olecules contains three more 
terms, due to vibrational and rotational modes and dissociation, 
O'GTCS = O'JCS + O'Diss + O'Exc. + O"Jon + O'Ps + O'Rot + O"Vib · (2 .19) 
It is often difficult to separate the vibrational and rotational channels due to their mall 
excitation quanturn which leads to the definition of a 'quasi' total elastic cro s section 
defined as the sun1 of the elastic, vibrational and rotational channels, 
O" QIC S = O" JCS + O" Rot + O"Vib, with O' JCS >> O' Rot + O"Vib · (2.20) 
Care 111ust be taken when con1paring O"QJCS · The ground electronic state of a molecule 
has a distribution of rotational and vibrational states and the population of thes states 
is temperature dependent [30], wher as theoretical calculation consider only the ground 
state (i. e. electronic , rotational and vibrational quanta are all in their lowest energy 
states) . 
§2.3 Inelastic Scattering 9 
2.3 Inelastic Scattering 
Inelastic scattering is any scattering process which the incident particle 's kinetic energy 
is not conserved. Often it is thought of as any scattering processes which transfers energy 
from the projectile to an internal state of the target, but it can also lead to breakup of the 
target atom or molecule. In the case of positron scattering, there is an additional channel 
which results in a bound state of the positron and electron, or positronium formation. 
The various inelastic scattering channels are reviewed below. 
2.3.1 Electronic Excitation 
The process of electronic excitation of atoms or molecules involves a target electron being 
pro1noted to a higher-lying (in terms of energy) bound state via excitation b} a positron 
(in this case) and can be denoted by, 
' A ' A* e' + -----+ e' + ·. J (2.21) 
here A* denotes the excited target. Due to the lack of the exchange interaction, and 
because the spin-orbit interaction for positrons is negligible , a positron can only excite sin-
glet states from a singlet ground state of an atom or n1olecule. Singlet to triplet transitions 
are dipole forbidden ( 6.Z #- 1) requiring a non-dipole (i .e. quadrupole) interaction which 
is no a ailable for positrons. Atomic targets, such as helium, are in a singlet ground state 
at roo1n ten1perature ( rv 300K) , but molecular targets, such as H2 , will be rotationally and 
ibrationall excited depending on the molecular structure. The population of rotational 
and ibrational le els of the ground electronic state are temperature dependent and follow 
a Bol zmann distribution in the simplest case . Excitation between molecular bands or 
elec ronic s ates: in positron scattering, is he same as for atoms v\ ith additional structure 
due to he ibra ional and rotational states. The lack of non-dipole interactions between 
positrons and atomic and molecular targets decreases the number of possible sta es which 
can be excited : allowing for separation of he various channels in rnany ca es . 
2.3.2 Posit ronium Formation 
(2.22 ) 
The bolu1d a e between a positron and an electron: or positronium. has a binding energy 
of 6. e or half a R dberg (1 3.6 e \ ). Thi bound ta e has hvo configurations : singlet 
and riple po i ronium (\i i h life ime of 125 p and 142 ns , respecti,-ely) and decaying 
o 2 or 3- ' ra , re pecti el , a di cu sed previous! - in §2.1. The formation thre hold for 
po i ronium i herefore 6. e below the fir ioni a ion po en ial of the target. 
Ep = Erp - 6. e . (2.23 ) 
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Positronium has a finite lifetime and decays to two or three gamma rays; allowing for the 
measurement of the posi troni um fonnation cross section via measuring the annihilation ry 
rays versus the number of incident positrons on a target gas of atoms or molecul s ( while 
taking into account detection efficiency and solid angle) . It is also possible to measure 
the number of ions produced as a function of the incident positron energy; as below 
the first ionisation potential the only mechanism for ionisation is positronium formation. 
Nieasuring the number of positrons lost due to positonium formation is another 1n thod, 
which will be discussed in more detail in Chapter 4. 
2.3.3 Direct Ionisation 
(2.24) 
A positron can directly ionise an atom or molecule, in the same manner as an incident 
electron, if its incident energy is equal to or greater than the ionisation potential of that 
atom or molecule. In this case, the outgoing electron and positron do not form the 
positronium bound state, but instead the excess energy is shared amongst the positron , 
electron and residual ion. A positron can also ionise a target by annihilation or by removing 
an electron to form positronium, which is discussed in the previous section. 
2 .3.4 Ro-vibrational Excitation 
e + + AB ( E , v') -+ e + + AB ( E' , v") . (2.25) 
The vibrational spectrum of a molecule is directly related to its n1olecular structure. For 
diatomic molecules the vibrational modes can be described using a harmonic oscillator 
approximation; whereas for polyatomic molecules a full treatment of the vibrational spec-
trum requires Group theory. However, the number of modes, or fundamental modes, can 
be determined simply by calculating the number of degrees of freedom; 3N - 6, wher 
I is the number of atoms in the molecule [30]. Each electronic state, described above, 
has as ociated rotational and vibrational structure [31 J. In addition to the fundamental 
modes. overtones and combination bands are also possible. 
2.4 C om p arison to Electron Scattering 
The positron is the antiparticle of the electron and thus has the sam mass; but oppo it 
charge. Therefore ; you 1night expect so1ne imilarity in the ~cattering cross ections. 
However. in scattering with atoms or molecule , it is the lectronic structure of thes 
target which also helps detennine the fine detail of the collision dynamics. The exchange 
interaction. or the ability of the incident electron to change places with the target electron 
because they are indistinguishable; plays a key role in the scatt ring dynamics for electron , 
but is absent in the case of positron scattering becau e the po itron is distinguished from 
the el ctron by its charge . The spin-orbit interaction is mall for positron cattering 
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becau e he posit ron is positively charged and can not get close enough to the nucleu to 
interact ignificantly) unlike the electron on high-Z targets. 
2.4.1 Grand Total Scattering Cross Section 
comparison of electron and po itron scattering) at the grand total cross ection level) 
for heliun1 b) Kauppila et al. [32] is shown in figure 2.1. The grand total scattering cross 
ection for electrons and positrons tends to the same value at high energies but diverges at 
low energies . A Born expansion of the forward scattering amplitude yields similar terms 
for the electron and po itron at high incident energies . The interaction potential for the) 
electron-ato1n and positron-atom cases, are quadratic in both cases [2, 21]. At low energies) 
Energy {eV) 
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Figure 2.1: _..\.n early compari on of the electron and po itron grand total cattering cro ec-
tion. re ult from Kappila et al. (32] and reference therein. T he da hed line at lo\\- energie are 
theoretical re ult from tein et al. (33]. 
the el ic channel for po itron ca tering i more than an order-of-magnitude mailer than 
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for the electron case. As the scattering energy increases above the RamsauerTownsend (R-
T) minimum, the positron cross section increases in magnitude as the electron scattering 
cross section decreases. A R-T minimum occurs due to the s-wave phase shift pas ing 
through n11 at low scattering energies. At higher energies, inelastic channels, such as the 
positronium and direct ionisation scattering channels, increase the positron GTCS to near 
that of the electron scattering cross section, and they converge by 200 e V. 
2.4 .2 Electronic Excitation 
When an electron electronically excites an atom or molecule it can do so via two mecha-
nisms; direct and exchange. This provides a large number of available excitations resulting 
in a rich energy loss spectrum. The lack of the exchange interaction in the positron case 
limits the number of possible excited states, thus reducing the complexity of the excitation 
spectrum. 
A comparison of positron measurements of electronic excitation from atomic and molec-
ular states, although still quite limited in scope, has shown that the magnitude of exci-
tation is similar [34]. This is reasonable when considering the excitation of these states 
is dominated by the dipole interaction. In principle they may be very similar away from 
resonant structures in electron scattering, due to negative ion resonances [35] for xample. 
In both cases, electron and positron excitation, there is the possibility that the excited 
state may support a bound state . Temporary bound states or negative ions are numerous 
in electron scattering and drive many chemical processes , but the temporarily bound 
positron is much more elusive. A search for resonance structure due to the existence of 
temporary binding of a positron to an excited state of helium is discussed in Chapter 6. 
2 .4 .3 Vibrational and Rotational Ex cit ation 
Vibrational and rotational excitation of molecules is dominated by the dipole interac-
tion [36]. Thus the excitation of vibrational modes via positron or electron impact is 
likely to be v ry similar in magnitude in energy regions void of resonant structur . Fun-
damentally, it is th dipole matrix element which determines the n1agnitude of the exci-
tation. Comparisons between mode-specific electron- and po itron-vibrational excitation 
have shown remarkable agreement for CF 4 [37], whereas previous integral 1neasuren1 nts 
for the 0-1 mode in CO diff red [38], and this is likely due to a resonance f ature in the 
electron ca ·e . 
The most inv stigated. positron-induced vibrational excitations, have been in large 
molecules where Vibrational Feshbach Resonances are observed in the annihilation rate 
as function of incid nt positron nergy [39]. Here the sam vibrational modes which are 
excited with infrared (IR) photons are seen in th measurement of Zef J und r positron 
excitation [40]. 
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2.4.4 Ionisation 
The ionisation of an aton1 or 1nolecules by electrons begins when the energy of the incident 
particle exceeds the first ionisation potential of the target. Above this energy, the outgoing 
electrons and the residual ion share the collision energy minus the ionisation energy. The 
positron, however, can ionise an atom or molecule below the ionisation potential via the 
process of fanning positroniu1n. Hence the term 'direct ' ionisation versus positronium 
formation. In direct ionisation the outgoing positron, electron and residual ion share 
the residual energy. When ionisation occurs via positronium formation, the outgoing Ps 
atom and the residual ion energy is shared between the residual ion and neutral Ps which 
subsequently annihilates . Thus for all of the ionisation potentials (IP) of a given target, 
ato1nic or n1olecular , there exi ts an associated positronium formation threshold occurring 
at 6.80 e V below the IP. 
The direct ionisation and positroniu1n formation cross sections have been measured for 
a number of atomic and molecular targets [22], with some of the most recent investigations 
being by iarler et al. [41 , 42]. The total ionisation cross section has a threshold at the 
opening of the positronium formation channel and rises rapidly due to Ps fonnation. 
In general , the direction ionisation channel turns on n1ore slowly and only overtakes Ps 
formation by rv 100 eV. 
2.4.5 Ex change Interaction 
An electron incident on an atom or a molecule can undergo the exchange interaction, 
where it take the place of an electron in the ato1nic or n1olecular target. This process 
of replacing an electron i possible because the electrons are indistinguishable and leads 
to the excitation of triplet states fron1 a singlet ground state , in the case of electronic-
excitations, in ·which the spin of electrons are parallel rather than antiparallel in the ground 
state . A po itron is distinguishable fron1 an electron and thus the exchange interaction 
cannot occur in a collision of a positron with an atom or 1nolecule. However , of course 
i is possible in collisions with anti-atoms and anti-molecules where the positron could 
exchange with a positron fron1 the anti-aton1 or anti-molecule. 
The cnly 1nechanism for the exchange interaction , involving positron collisions with 
atom and molecule , requires a higher-order interaction involving positronium forn1ation. 
'\i\ hen a po itron i inciden upon an atom or molecule with ufficient energ:) to forn1 
po itroniun1. i removes an electron fro1n the target to forn1 a bound tate. The outgoing 
positronium ato1n can then , in principle, undergo the exchange interaction, by exchanging 
the 'original electron for another electron from the target. 
2.5 Positron Scattering Theory 
The goal of ca tering theor is to sol e or approximate the solution to the Schrodinger 
equation 
(H - E)\J! = 0. (2.26) 
14 Overview of Positron Scattering 
where \Ii is the wavefunction describing the configuration of the system. Generally, the 
time-independent nonrelativistic Schrodinger equation is considered for positron collision 
calculations, since the spin-orbit interaction is assumed to be small, and fast-dynamics 
( relativistic effects) are not being considered. 
Consider scattering of a particle with an arbitrary potential V ( r ), [43], which goes 
to zero faster than 1/ r as r ----+ oo. The Schrodinger is written in terms of the arbitrary 
potential, 
(2 .27) 
At infinity, the solut ion has the form of the unscattered and scattered wave, 
eikr 
eikr + f(D)- , 
r 
(2 .28) 
where f (D) is the scattering amplitude. The cross section is now defined as for elastic 
scattering, 
a(D) = lf(D)l 2 . (2 .29) 
The following sections , in which atomic units are used throughout , describe methods 
which have been used to determine the basis sets for given approximate Hamiltonians , 
or provide approximate wave funct ions with a focus on solving the problem of positron 
scattering from helium or molecular hydrogen. 
2.5.1 Partial-Wave Formalism 
In the non-relativistic case, the elastic differential scattering cross section can be written 
as a single scattering amplitude f ( fJ) as, 
a(e) = J*(e)J (e) = IJ(e)1 2 , (2 .30) 
where 
1 0G 
f (fJ ) = k L (2l + l )Tl(k) Pl(cos fJ ). (2.31 ) 
l=O 
Pl(cosfJ) is the Legendre Polynomial of order l and Tl(k) is the T-matrix element which 
is co111plex. The scattering amplitude is a summation of an infinite series of partial waves 
in l. where l is a good quantum number and is the angular momentum of the positron in 
the fra111e of the atom. This summation reduces when the orthogonality of th L gendre 
Polynomials is considered , 
00 00 LL Pt(co fJ)Pl(cosfJ) = bl'l· (2.32) 
l' = O L= o 
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The expression for the elastic differential scattering cross section can then be written as; 
CX) 
er DCS ( B) = ; 2 LL [ 1 + ( -1 )1+1'] (21 + 1) (21' + 1 )Tz ( k )Tt ( k )Pz ( cosB)Pz, ( cosB) (2.33) 
l=O l'=O 
2.5.2 Polarised Orbital Approximation 
The Polarised Orbital Approximation or POA was originally introduced by Temkin [44] 
and was used initially to describe electron scattering from atomic hydrogen [45] . It was 
extended to positron scattering from the noble gases by :NicEachran [46]. 
The POA considers the scattering problem in two parts ; calculating the perturbed 
bound-state wave function , or polarised orbital, and calculating the scattered ·wave func-
tion. The positron is considered at a fixed position (the adiabatic approximation) and the 
polarised orbital is the atomic wavefunction perturbed by the presence of the positron. 
The Hamiltonian for the system with a stationary positron is , 
(2.34) 
where Ho is the Hamiltonian for the atom; 
1~ ? ~ z ~ 1 -
Ho= - ') L.t V:; - L.t ~ + L.t r· . 
,.., . 1 - 1 i . . 1 . . '1,J 
i = i = i,J= ,i<J 
(2.35) 
The interaction potential is given as, 
Z N l 
V = --;; - L Ir-- xi' 
i =l 'I, 
(2 .36) 
where the total wave function is written as a detern1inant of con1ponent wave functions , 
(2 .37) 
where the component wave functions are represented by; 
(2 .38) 
ote that in equation 2.3 a i is the spin coordinate of the electron . The component 
wave function is in two parts the unperturbed component , ¢~ j and the component ; ¢}, 
perturbed by the potential V. Adjustment of the perturbation can be done by changing 
the fixed position of the po itron x. The polarised orbitals are obtained by minimizing 
(wlHadl w) where the potential Vis treated as a first-order perturbation [46]. This 1nethod 
has been used to calculate elastic differential scattering cross sections below the po itro-
nium formation threshold [10], and its results are compared to the current experimental 
results in Chapter 5. 
16 Overview of Positron Scattering 
2.5.3 Relativistic Optical Potential 
The R elativistic Optical Potential method involves solving the integral form of the Dirac 
scattering equation [47]. The resulting spin-dependent T-matrices are written as, 
r ±(k ) = ~ [e2i5G - 1] 
l2 0 2i ' (2.39) 
where spin-up is ( +) and spin-down (-) . The direct and spin-flip scattering amplitudes 
are written in terms of t he T-matrix [47], 
f ( e) 
g( e) 
1 00 
ko L [ (l2 + 1 )Tz1 ( ko) + l2T1~ ( ko)] P12 (case), 
l2=0 
00 
:
0 
L [ T1~ (ko) - T1  (ko)] P1; ( case), 
l2=0 
(2.40) 
(2.41) 
where Pz2 ( case) and Pz; ( case) are the Legendre and associated Legendre polynomials. The 
differential scattering cross section is, 
O"(e) = IJ(e) J2 + Jg(e)J 2 . (2.42) 
The cross section can be deconstructed into two components, with one corresponding to 
pure elastic scattering or the real component of the phase shifts , and another corresponding 
to inelastic scattering or the imaginary part of the phase shifts [ 4 7]. This method has been 
extended to incorporate the positronium formation channel by lowering the ioni ation 
threshold [10], 
(2.43) 
where the 6- t erm corresponds to the reduced ionisation potential. A relation of these the-
oretical elastic differential cross sections are compared to experimental results for Heliun1 
in Chapter 5. 
2.5.4 Convergent Close Coupling Method 
Single-Centre 
The Single-Centre approach used for positron-atom collisions [48] has recently been applied 
to n1olecular hydrogen, by considering a fixed internuclear separation (R = 1.4 a0 ) and 
writing th total Hamiltonian [16], 
(2 .44) 
where 1/ R is t he internuclear Coulo111b repulsion , and V12 is th interaction betw en the 
two electrons. In addit ion we define, 
Hi = - ~ Vf + V ( r i, R), i = 1, 2, (2.45) 
§2.5 Positron Scattering Theory 17 
·where the electron-nuclei potential is, 
1 (2 .46) 
The target wave function is built from Laguerre one-electron orbitals. For a molecule with 
N electrons , the target n1ust satisfy, 
(2.4 7) 
The T-matrix is obtained by transforming the body-frame Schrodinger equation into a set 
of coupled Lipp1nann-Schwinger equations, 
A partial-wave expansion is used to obtain the T-matrix, which is then utilised to obtain 
the scattering amplitudes in the body-frame, f fr The angular differential scattering cross 
section is now obtained by transforming frorn the body-frame to the laboratory-frame, via 
rotation by the Euler-angle /3, 
(2.49) 
A series of elastic differential scattering and integral cross section calculations [16] for 
molecular hydrogen are compared to the present experimental results in Chapter 7. 
Two-Centre 
The formation of the positroniu1n aton1, which has internal structure, results in a scattering 
problen1 with two scattering centres. The Convergent Close Coupling or CCC method 
[49 : 50] ha been extended to a multiconfigurational two-centre approach allowing for the 
explicit inclusion of postroniun1 fonnation [6]. 
In the case of positron scattering with helium the Hamiltonian is written a [6L 
2 
H=Ho+----IR+ p/21 
where 
2 2 1 1 
---- - - _L ------ - - -IR - p/21 r2 1 IR - p/2 - r2I p 
? 1 ? 1 ? H o -v~ - -vR- - -v-. 
p 4 2 2 ' 
1 
2 - r2I · (2.50) 
(2.51 ) 
1s he free Ha1niltonian. The wo-centre approach is ba ed on expanding the wave function 
18 Overview of Positron Scattering 
in terms of all channels about either centre , taking the Heliu1n example specifically [6], 
N o. 
w r-..., L Fa(r o) ?/Ja (r 1, r 2)xs:1He (o, (1, 2)) r-..., 
a 
N f3 
+ L { W(J (P1)c/>1s(r2) 
(3 
X [ Gp-Ps-He+ (R ) p-Ps-He+ ( (O l) 2) (3 1 Xs1v1 , , 
+ G ~-Ps-He+ (R 1)Xs~s- H e+ ((0, 1) , 2)] 
'ljJ ( ) ¢ ( ) [ Gp- P s-H e+ ( R ) p-P s-H e+ ( ( ) ) (3 P2 1 s r 1 (3 2 X s NI O, 2 , 1 
+ G ~-Ps-He+ (R 2)Xs~s-He+ ((0, 2), 1)] }. (2.52) 
Note that in equation 2.52 para-positronium is denoted by p - Ps and ortho-positronium 
is denoted by o-P. The pseudo-states for the atomic target and the positroniu1n atom are 
generated by diagonalising the Hamiltonians using a square-integrable orthogonal Laguerre 
basis, 
( Az(n - l)! ) 1/2 (A r)l+le- >.Lr L2z+2(- A r). (2Z + 1 + n) ! l n-1 l (2.53) 
Then the T-matrix can be determined in 1nomentum space for the coupled-channels, 
+ (2.54) 
where the two-particle Greens functions Q describe the relative motion between the two 
centres [6]. The T-1\!Iatrix can then be used to determine the differential scattering cross 
section in the normal mann r. A series of elastic differential scattering cross section 
results [6] are compared to the current experimental results in Chapter 5. 
2.5.5 Stochastic Variational Methods 
The Stocha tic Variational fethod or SV1VI is a modification of the variational 1nethod 
[5 1], which uses stochastic techniques to reduce the complexity of the problem [52]. Th 
wavefunction is expanded into a diagonalized basis set of the Hamiltonian [53], 
K K 
W = L CiWSAls (x, Ai) = L CiG (x, Ai) XS'Als, (2.55) 
1, 1, 
wh re Ai is the matrix of Gaussian exponent and x repr sents th co-ordinat s of all the 
particles [54] . Explicitly correlated Gau sians (ECGs) contain th patial part of the basis 
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wavefunction [54], 
(2.56) 
where N' is the nun1ber of interacting particles [54]. The stochastic nature of the method 
comes from the optimisation of the exponents by trial and error providing for fast con-
vergence [55]. This method was used to predict the energy of the bound state between a 
positron and a doubly excited helium atom [14], and an experimental search for resonance 
structure due to the existence of the predicted state is presented in Chapter 6. 
2.5.6 Configuration Interaction 
The Configuration Interaction, or CI , is a method of approximating the target wave func-
tion by expanding it as a linear cornbination of atomic states with single-particle position 
states [56]. The electron orbitals are written as a product of a radial function and a 
spherical harmonic in the usual manner . The atomic wave function is generated using 
Clebsch-Gordon coupling coefficients, 
1 
1'11 ; LS) = L ci,j\LiNiiljmjl LML )(SiMsi ')µ jl SMs ) x 1>i (atQm; LiSi )c/Jj (ro) , 
. . -
(2.57) 
'l,J 
where 1>i ( atom; Li Si ) is an antisymmetric wave function with good L and S quantum 
nurnbers. This approach can require a large L max or m3.:xirnum angular momentum to 
provide good results . Usually, a different method was used to approximate or extrapolate 
L max -+ oo [57, 58] . A variant of this method is used to verify the existence of positron-
atom bound states , found with the SV1VI approach ·with the specific example of positron 
binding to excited states of helium being explored in Chapter 6. 
2.5.7 M any-body Theory 
Unlike the theoretical techniques discussed thus far , 1nany-body theory begins with the 
Dyson equation [12], 
(2 .58) 
where , E is the (single) quasiparticle wave function for the positron, E is its energy, and 
Ho is the Hamiltonian for the zeroth approximation of the central-field. The dynamics of 
the many-bodies are contained in ~ E, 
(2 .59) 
where 11/JE(r ' ) are the positron eigenfunctions for the target ato1n or molecule. The positron-
aton1 or positron-molecule bound state is determined by calculating the diagonal matrix 
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element, 
(2.60) 
where V is the electron-positron Coulomb interaction, v is all intermediate states, µ is all 
electron states, n is all hole states, and iO is an infinitesimal positive i1naginary quantity. 
Binding can occur when this second order t erm is negative, Eb = Eo < 0. The binding 
energy to ground and exited-state configurations is determined by , 
~ = (~(2)' (2 .61) 
where ( is adjusted to reproduce known binding energies in Be, fg , Zn, Cd, Cu, and Ag, 
for a ( of 2.0 , 2.4 , 1.8 , 1.7, 2.4 , and 1.9, respectively [59] . 
2.5.8 R-Matrix Approach 
The R-Matrix method divides configuration space into two regions. The interior region is 
usually defined as a sphere of radius a encompassing the target states' electron density. 
Considering the electron scattering case, although this can be generalised for positron 
scattering, the basis functions of the Hamiltonian are expanded as [60 , 61], 
(2.62) 
'lJ 'l 
where A is the antisymmetrization operator , Uij ( x N +1) are continuum orbitals and Xn are 
spatial and spin coordinates. The continuum orbitals are generated by orthogonalizing 
the target atomic or molecular orbitals. States or pseudostat es of the atom or mol cule 
are incorporated via c/>i . The multi-centre components described by Xi are quadratically 
integrable functions ( L 2 functions) . Coefficients aijk and bik are obtained by diagonalizing 
the matrix of order NI, 
(2 .63) 
with fJ N+l the (N +1)-electron Ha1niltonian and L the Bloch operator [62]. The R-Matrix 
is built at the boundary between th inner and outer regions [60, 61], 
. ·( ) = 2_ ~ Wij (a)wjk(a) 
R iJ E 2a ~ Ek - E ' 
k 
(2.64) 
where Ek (or the R-1natrix poles) are eigenvalues and Wik , 
(2 .65) 
-=. 1 is the spin-! function. Thu the R- l\1Iatrix i compo ed of a et of scattering channel 
2 
that . if sufficiently co1nplete. will d scrib the cattering complex. Compari on of R-Matrix 
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results for differential and integral elastic scattering cross sections for positron scattering 
from H2 [63], is given in Chapter 7. 
2.5.9 Schwinger Multichannel Method 
The Schwinger Multichannel lv1ethod , or S !IC, is based on the Schvvinger Variational 
Technique, which has been used in electron-atom and electron-molecule collisions [64] 
and hen extended to positron-molecule collisions [65]. This general method uses the 
Lippmann-Schwinger form of the Hamiltonian, 
(2 .66) 
I 
·where Skm, is the regular solution and G0 is the Greens function projected onto the ground 
tate. The scattering amplitude is ·written as, 
f ( ff, k;) = - 2~ L ( skJIVlxm) W 1 )mn (xm!VISkj (2 .67) 
mn 
·where 
(2.68) 
For this method, l ) is the variational trial wavefunction, Q is the projection operator onto 
closed states . P is the projection operator onto open states, V is the interaction potential , 
and ci+) i the Green function projected onto the P space [66]. This method does not 
require the trial wave function Ix) to satisfy a particular set of boundary conditions and 
thu it can be expanded in an L2 basis. However , the range must be constrained in order 
to limit the interaction region ( or collision centres) to a cubic region about the centre-of-
n1a [66]. In principle any trial ~rave function can be employed and (generally) previously 
proven \\rave function are used . such a tho e derived from the Hartree-Fock fonnalism for 
H2 (66]. Re ult from the S11C 1nethod are compared to the current experimental result 
in Chapter - . 
2.S.10 Co1nplex lVIodel Potential 
The · omplex 1'1odel Potential method de cribe the interaction potential in term of three 
component 
( r) = \ t. ( r) + \ pol. ( r ) + fl ab ( r ) . (2.69 ) 
·where ~t. ( r) i the ta tic potential: 11; 0 z. ( r) i the polari ation potential and V ab ( r ) is the 
ab orption potential. The tatic potential i determined from an averaged electron charge 
den ity 
( ) \ 
z ) 1 DC p ( T'1 ) J? I 1 t. r = I~ b J - 41r . r - dr , 
I - , , o r> 
(2. 70) 
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where p is determined from the software package GAUSSIAN. The polarisation potential 
used is , 
( ) ( ) ad ( ) aq aa Vpal. r = - D 4 r - 4 - D5 r - 6 - Ds(r)-8 , 2r 2r 2r (2 .71 ) 
where ad is the dipole polarisability, aq is the quadrupole polarisability and a 0 is the 
octopole polarisability. The functions D2n, for n = 2, 3, 4, are used to ensure that Vpol. -t O 
as r -t 0. The absorption potential is defined as [67], 
(2 . 72) 
where v is the local speed of the positron and O"b is the average binary collision cross 
section [67, 68] . Solving the radial Schodinger equation, 
[ d
2 l (l + l) l dr 2 - r2 + 2[E - V(r)] uz(r) = 0, (2. 73) 
provides the solution uz(r) for the a scattering energy of E and angular momentum l. The 
scattering phase shifts are determined considering a finite region, typically 10 Bohr radii 
from the molecular centre, 
(s:) r +uz(r)jz(kr +) - r +uz(r +) jz(kr) tan uz = , 
r +uz(r +)nz(kr) - r +uz(r)nz(kr +) (2.74) 
where jz and nz are the spherical Bessel and Neumann functions respectively. The scat-
tering amplitude is determined by [15 J, 
l lrna x 
J(e) = 2ik ~ (2l + l)[e
2
i 01 ]Pz(cose) + f4(()) + f5(()) + fs(e) , 
l=O 
(2.75) 
where the scattering amplitudes : J 4 ( e) , J 6 ( e) and f ( e) correspond to the dipole, quadrupole 
and octopole polarisation potentials. Once the scattering amplitude is determined for a 
given scattering energy, the required scattering cross section can be calculated in the nor-
mal manner. The results of Reid et al. [15] for 1nolecular hydrogen, using this approach, 
are compared to the current experimental results in Chapter 7. 
2.5.11 Discussion 
The difficulties of positron scattering fro1n ato1ns and molecules stem primarily from two 
issues: target complexity and the interaction of the positron ato1n and the residual ion. 
l\Iulti-centre techniques have been developed to explicitly describe these complex interac-
tions with the greatest success observed in positron scattering from th rar gases. Various 
ad hoc techniques. such as the complex model potential , have had limited succes (H2) 
and give some physical insight as to when threshold effects 1nay be negligible and a more 
implistic description is valid. Specific comparisons of theoretical work compar d to ex-
perin1ental results is given in later Chapter . 
Chapter 3 
Experimental Details 
The study of positron scattering with atoms and molecules requires a source of positrons 
with a controllable energy, and an energy distribution sufficiently narrow to discriminate 
scattering features as a function of the incident energy. The associated apparatus should 
also posses the ability to resolve angular scattering. Previous theses ( e.g. [69, 70]) from 
the ANU group, as well as some remarks in the Introduction of this thesis, discussed the 
work done to date to develop various types of positron sources used in low-energy (1 -
200 e V) scattering experiments. An excellent summary of this can be found in Surko et 
al. [22] The positron source used for the present experiments provided a positron beam 
with a variable energy and narrow energy width, and this chapter reviews the operational 
techniques used for the scattering experiments presented using _a Surko-style, buffer gas 
trap. 
3.1 Introduction 
A positron scattering apparatus is dependent on the production of positrons with suffi-
ciently low kinetic energy that they can be guided and focused with reasonable electric 
and/ or magnetic fields. The exploration of partial scattering cross sections, of both atomic 
and molecular targets, requires an energy distribution sufficiently small to discriminate 
between excitation thresholds. Radioactive sources provide positrons with a very large 
distribution in energy (hundreds of ke V) , requiring cooling or moderation before guid-
ing becon1es effective. A series of moderation techniques have been used throughout the 
history of positron scattering experimentation, as discussed in the introductory chapter, 
with much of this work focused on primary energies larger than 10 e V due to the resultant 
energy spread of the beam [71]. 
Experimental systems using transition metal moderators (W or i) provided positron 
beams with energy widths between 150 and 500 me V , but with moderation efficiencies of 
r'-J 0.1 % or less [72]. They also require processing involving annealing of the moderator foil 
or mesh, but when cooled to liquid nitrogen temperatures they can produce beams with 
energy widths down to 40 me V [73]. The discovery of solid rare-gas moderators provided 
moderation efficiencies of up to 1 %, but with an energy width between 1 to 2 e V [4]. This 
energy width is too large to conduct energy resolved scattering experiments at low energies 
( < 10 e V), but has enabled other techniques to be developed [7 4] to address that width. 
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Coupling a high efficiency rare-gas moderator with a Surko buffer-gas trap, allows for the 
creation of a pulsed positron source with a low energy spread [75]. The Surko trap (buffer-
gas or P enning-J\!Ialmberg trap as discussed in chapter 2) has enabled accurate low-energy 
( < 10 e V) scattering experin1ents by providing a beam of positrons with a small angular 
acceptance and low energy width, in conj unction with new exp ri1nental techniques. The 
implementation of the current Surko-style trap system [76] is now discussed in all of its 
operational detail , for use in scattering experiments , and a schematic of the complet 
system is shown in figure 3 .1. 
RPA MCP 
S.C. 
Trap 
E.S.3 
22 Na Source 
E.S.2 
Figure 3.1: Solidworks render of the Positron beamlin [76], showing a schematic of th r levant 
sections. The ystem consists of four sections (from left to right): 22 a sourc stage (RGNI-1), 
Surko Trap, Scattering Cell (S .C.), Retarding Potential Analy er (RPA) and Niicro Channel Plates 
(TvICP). Each section is separated by a pumping station (E.S.), with the first station immediatel:' 
to the right of the source stage; E .S. 1, E .S. 2 and E.S . 3. The final detector assembly is shown 
to be an 1ICP stack coupled to a CCD can1era, but this was not used for these experiments. 
The electron current frorn the rnicro-channel plates was in fact 1neasured for the 1n asurements 
described in this thesis. See text for discussion of each section. 
3.2 Positron Source 
The source stage (RG:NI-1 ) i a commercially available positron source and was purchased 
fron1 First-Point Scientific [77]. This syste1n consisted of a vessel to house the radioactive 
source. a cryostat to provide for the freezing of a moderator gas on to the ·urface of the 
ource capsule. the required pumping to provide vacuum ( HV) and shielding from both 
the 1.2 and 0.511 I\IeV , -rays from the source . The radioactive 22 Na wa purcha ed from 
iThen1ba labs [7 ] and came a a seal d 22 -a cap ule with a maximum activity of,...._, 1.9 
GBq (rv 50 1nCi) . see figure 3.2. ltra high purity eon (99 .999%) was used to grow a 
solid Neon layer onto the Cu moderator cone hown in figure 3.2. The e moderator was 
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grown at a temperature between 7-9K. A small number of the positrons are moderated 
( rv 1 % ) by the Neon, these low energy positrons follow a guiding magnetic field around 
the radiation shielding. This shielding is configured such that there is no line-of-sight 
to the source, but rather only low energy positrons are transmitted to the next stage. A 
positron beam with an energy spread of rv 2 e V was obtained from the RG1VI system shown 
in figure 3.2 and discussed below. The continuous positron current from the source and 
moderator combination was guided into the Surko trap via a guiding magnetic field. To 
measure the relative strength of the positron beam, these positrons were directed to the 
gate valve separating the positron source chamber from the Surko trap, and the resultant 
annihilation , -rays were detected using a N aI(Tl) scintillator coupled to a photomultiplier 
tube. 
5 µm Ti foil 
(a) Source Capsule 
22 Na 
(b) Cone 
Figure 3.2: (a) Schematic of the source capsule containing the sodium-22 (22 Na) which is installed 
into the RGJVI-1 apparatus , ( from http:/ /positron. physik. uni - halle. de/ source. html) . (b) 
Schematic of the Cu source cone mounted onto the end of the Cryostat [69). The moderator gas 
flows from the tube on the bottom right side on to the surface of the source. When t he surface is 
sufficiently cold , the moderator begins to crystalize on the surface. 
3.2.1 22 Na Source 
The sodium-22 (22 Na) is produced in a cyclotron and provided encapsulated in a sealed 
source from iThemba Labs [78]. The source capsule was designed by the Positron Labo-
ratory of the Department of Physics of the Martin-Luther-University Halle , as shown in 
figure 3.2 (a). This source capsule design was used by First-Point Scientific and incorpo-
rated into their RGM-1 , which allows for simple extraction of the source while maintaining 
proper shielding. As noted previously the source activity was rv 50 mCi or rv 1.9 lVIBq 
when obtained from iThemba Labs , and the activity decays with a half-life of 2.6 years . 
The source was removed for regular maintenance of the cryostat , thus over more than 3 
years of operation the source capsule was removed/ installed around 6 times. The source 
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capsule was housed in a Cu cone fixed to the cryostat (DE-204NB), or 'coldhead \ as shown 
in figure 3.2 (b). 
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Figure 3.3: The probability energy spectnun (blue line) of t he production of positrons from 
sodium-22 (22 Na) and the spectrum of 1noderated positron (red line), adapted fron1 [21]. 
The 22 N a source provided positrons with a wide energy distribution like that shown 
in figure 3.3. lVIoderation , or cooling, of the positrons from the radioactive source was 
required to produc a tunable, narrovv energy width beam. This moderation was provided 
by the frozen neon , ·which was sprayed onto the cone fron1 a small nozzle pointed toward 
the ource. The cone or source/moderator geometry plays a role in the overall moderation 
efficiency by providing a structure for gas to freeze upon forming t he moderator . The 
design of various cones and their effici ncies was discussed by lVIills [4] and t he optimurn 
suggested design is used in the RGNI-1 systen1, resulting in a moderation efficiency of 
about 1 %. The RG1I-1 positron ource has several layers of radiation shielding n1aterials; 
tungsten blocks, lead shot and elkonite blocks ,.vere used to provide prot ction from the 1.2 
1IeV 1-ray that are produced in the radioactive decay of 22 Na to 22 Ne. The mod rated 
positron b am was guided through a shielding block using a set of paired defection coils 
( or addle coils). This removed radiation exposure along the line of ight to the sourc 
Anoth r set of solenoidal coils transported the positron beam into the Surko trap . 
Installation of the sodium-22 ource required the RG I-1 to be brought up to atino-
sph ric pressure. This was done using the vent valve on the turbo-1nol cular pump on 
the source stage allowing the ource tage to b vented with dry nitrog n and thereby 
lin1iting the an1ount of atmo pheric water and other i1npurities from tr aming into the 
systen1. After installation of the source capsule containing th 22 a source, the source 
§3.2 Positron Source 27 
stage was pumped back down and baked to remove any water that absorbed on the sur-
face of the chamber. The construction of the RGM-1 system incorporated an indium seal 
which begins to deform at 310 K. Therefore, during baking of the system, the cold head 
temperature was kept below 300K. It was found that growing a series of moderators gave 
improvements in their performance with each grow, indicating that the system was being 
further cleaned by the process of growing and evaporating moderators. 
3.2.2 Rare Gas Moderators 
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Figure 3.4: Example growth curves for Neon (red), Argon (black), and Krypton (blue) moderators 
for approximately the same source activity. The growing conditions were different, see text . 
Table 3.1: Rare Gas 1\!Ioderation Efficiencies Em for Neon [4] and Argon up to Xenon [79] . 
Atom Em(xl0-4 ) Mills c: (%) Mills (i:lE) Freezing Pt. (K) Growing Temp. (K) 
Ne 70 0.70(2) 0.58(5) 24.56 7-9 
Ar 2.5 0.13(2) 1. 7(2) 83.80 0J 20 
Kr 1.6 0.14(2) 1.8(2) 115.79 0J 30 
Xe 1.1 0.13(2) 3.2(4) 161.4 0J 50 
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For the majority of the experi1nents contained in thi work , N on vva used as the 
moderator. However, at different ti1nes, Argon and Krypton moderators wer also used 
when the cryostat could not maintain a sufficiently low and stable temperature to grow a 
Ne 1noderator reliably (7-9 K) . A comparison of the freezing points, growing temperatures , 
moderation efficiencies and moderated beam energy width for the noble gases is provided 
in table 3.1 , with a comparison of the growth profiles for Ne , Ar and Kr in figure 3.4. 
The growth profiles were studied using a CsI (Tl) scintillation crystal coupled to a photo-
multiplier tube (Scionix Holland, l\!Iodel: 25P25/ 10-E3-CS-110), at the vacuu1n gate valve 
separating the RGlVI-1 from the rest of the beamline. These growth profiles occurred with 
approximately the same source strength and the same , -detector solid angle , but slightly 
different gas densities for each moderator gas during the growth of each moderator. No 
direct measurement of the moderation efficiency was determined, but the figure 3.4 can be 
used to estimate the moderation efficiency of neon in this system. Assu1ning that argon 
and krypton have a moderation efficiency of 2x10- 4 , the neon moderation efficiency of the 
current system is rv 5x10-4 which is significantly lower than reported by l\!Iills [4]. A more 
detail exploration of moderation efficiency was not in the scope of this work. 
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Figure 3 .5: l\Ieasuren1ents of the parallel energy width of an Argon moderated bea1n. The 
parallel energy spectrum at 530 G ( or 0.053 T ) i in red : solid circles, measured data: olid line, fit 
of energy spread ( . 7 e V). The parallel energy spectrum measured at 100 G or (0.0 1 T ) is in blu 
solid circles . 111 asured data: solid line, fit of energy spread ( 4.3 e V). 
A standard growth profile for the 1 e ( or Ar / Kr ) moderator consisted of wanning the 
cr)-ostat ufficient ly high in te1nperature to remove any e ( or Ar / Kr) left from previous 
n1oderator . This was fo llowed by a short pu1np out period befor the cryo tat wa then 
r turned to a ten1perature low enough to freeze neon ( or Ar / Kr) on the Cu source cone. 
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Neon gas was then admitted to the system via the nozzle until the chamber pressure 
reached approximately 8x10-4 Torr. Previous work has shown that when the annihilation 
signal has plateaued the moderator had finished growing [4]. The neon feed can then be 
stopped and the excess gas removed from the system. The difference between the first and 
second plateaus seen in figure 3.4 is due to the attenuation caused by the moderator gas 
at a scattering energy of e V mod, see Jones et al. [7] and Makochekanwa et al. [8] . 
The characteristic Ne moderator on this system has an energy spread of approximately 
1.5 eV as measured in an axial magnetic field of rv 100 Gauss (0.01 T), whereas Mills 
measured the full width half-maximum to be 0.58 e V [4]. The magnetic field at the 
retarding potential analyser (RPA) could be adjusted to accurately measure the parallel 
energy width of the moderator using the same field magnitude as the source. A different 
field will have the effect of broadening the apparent energy spread, for reasons discussed 
later in Chapter 4, §4.1. The parallel energy distribution of an Argon moderator is shown, 
by way of example, in figure 3.5 and depicts the different observed distribution for different 
field strengths . This relationship will be discussed in the next chapter, but is worth noting 
here for the operation and tuning of the Surko trap, see next section. 
The moderated positron flux was observed to decay with time. This happened both 
during operation of the trap and while the source and moderator were isolated from the 
buffer-gas trap. The gases used in the trap can back stream from the trap stage into the 
source stage (RGJVI-1) and freeze on the surface of the moderator during normal operation. 
When isolated from the trap, the background gas in the source vacuum chamber would 
freeze onto the moderator. Raising the temperature of the source cone, by running the 
cyrostat heater or by turning off the cryostat, allows th~ contaminant ( s), and a small 
portion of the moderator, to evaporate. An example of removing the contamination and 
regrowing an Argon moderator is shown in figure 3.6. In this case, the moderator strength 
had decayed by a third in four days of operation, and this decay was recovered by cycling 
the cryostat temperature. This technique, however, was unsuccessful for Neon, because of 
insufficient control of the cryostat temperature between 7 and 9 K. 
3.3 Positron Trap 
The present positron trap, used to produce a high energy resolution pulsed positron beam, 
is adapted from the work of JVIurphy and Surko [3] for conducting low-energy positron scat-
tering experiments [76]. The trap confines and cools positrons from the source moderator 
stage, resulting in a parallel energy width or resolution of rv 60 me V or better. Tuning of 
the trap electrodes and gas densities resulted in a range of beam energy widths , and the 
trap had a variable repetition rate, but was usually operated near 100 Hz. 
The trap consisted of nine electrodes, shown in figure 3.7. Each electrode was con-
structed from oxygen-free high conductivity copper (OFHC), plated with gold and sepa-
rated by polyether ether ketone (PEEK) spacers or ruby balls for electrical isolation. These 
cylindrical electrodes provided the longitudinal confinement of the trapped positrons and 
30 
40 
35 
..-
~ 
--
<l) 
30 I.... ~ 
....... 
ro 
I.... 
<l) 
Q. 25 
E 
(]) 
I-
20 
1 e-5 
-I.... I.... 
0 
I-
--
<l) 
I.... 
~ 
Cl) 
Cl) 
<l) 
I.... 
CL 
1 e-6 
1 e-7 
1 e-8 
-N 
I 
~ 
4 
3 
- 2 
1 
0 
6020 
Experilnental Details 
6030 6040 6050 6060 
Time (Minutes) 
F ig ure 3 .6 : An exan1ple of thermal cycling of an Argon 1noderator. The top panel is the cryostat 
temperature . the middle panel is the source stage pressure measured using an ion gauge (no correc-
tion for sensitivity) and the botton1 panel is the ,-ray counts of the 1noderated beam annihilating 
on the gate valve of the source stag . A very imilar result is ob erved when Krypton is used as 
the moderator. 
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CF 4 in blue canister 
Ruby Balls PEEK Spacers 
Figure 3. 7: Schematic drawing of the trap electrodes. The green electrode is the segmented 
electrode and is divided into four pieces or quadrants. For a majority of these measurements the 
green or segmented electrode was in position E6 (E6 and ES could be interchanged), see chapter 
9 for an extended discussion. 
set the scattering energy for positrons traversing the trap. Each electrode is connected to a 
high-voltage, fast amplifier (ElbaTech T-506) via coaxial electrical feedthroughs. Control 
of the electrode potentials is provided by a Labview program which assigns the potentials 
as a function of time, for all electrodes in the trap, via two high-speed 16-bit analog output 
cards (National Instruments PXI-6733). These outputs are conn€cted to the input of the 
high-voltage amplifiers which provide either a lOx or 20x amplification with a maximum 
voltage range of± 200 V. 
A solenoidal magnetic field of 0.53 T (530 Gauss) was used to radially confine the 
positrons. The field was provided by a water-cooled solenoid which could be mechanically 
adjusted vertically and horizontally, to tune the alignment between the electric and 1nag-
netic fields of the trap. An azimuthally segmented electrode was used to apply a rotating 
electric field at radio frequencies (RF), this is also known as the rotating wall electrode, 
for compression of positrons confined in the trap . The operational details of the rotating 
wall electrode will be discussed later in chapter 9. 
The guiding solenoid or beam tube on the RGlVI-1 is wound on the vacuum vessel 
itself, there is no mechanical adjustment to align the moderated positron beam with the 
entrance aperture for the trap. A differential pumping tube forms the beam defining 
aperture of the trap, but there is no physical, vertical or horizontal , adjustment since the 
two systems are connected via a conflat flange with no associated bellows. Addition of 
a trim coil, producing a n1agnetic field orthogonal to the positron beam direction , was 
made to provide vertical adjustment of the moderated positron beam at the entrance of 
the Surko trap ( well removed from the previously mentioned saddle coils). A series of 
tuning curves is shown in figure 3.8 for various settings of the fixed bea1n tube magnet. 
It is clear that adjustment of the trajectory of the incident beam is required to optimise 
the operation of the trap . A similar exercise was attempted for a horizontal trim coil with 
little success, thus only a vertical displacement coil was implemented. 
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Figure 3.8: Tuning curves for various trap coil currents . The field strength is proportional to the 
current . 
3.3.1 Trap Operation 
The time structure of t he positron beamline is dependent on three stages - the loading, 
cooling and du1nping of the positrons. These 3 modes each have their own electrostatic 
potentials , dictating the dominant process occurring in the trap, and ar shown graphically 
in figure 3.9. 
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Figure 3. 9: A schematic diagram of the electrostatic potentials ver us longitudinal di111ention 
used for loading (a), cooling (b) and dmnping (c) of positrons, which enter from the right side of 
the plot and exit on the left side. 
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Loading the 'frap 
Positrons must lose energy in inelastic collisions to become trapped in the potential well 
and this is facilitated with molecular nitrogen (I 2) . J\!Ieasurement of the two relevant 
electronic excitations of N2 by positron impact , by Sullivan et al. , has shown that the 
a 1 Ilg excitation cross section dominates over that of the a1 1 "E~ . The trap potentials in 
the first part of the well are set initially so the scattering energy is approxirnately 8 .8 
e V. This is above the threshold for excitation of the a 1 Ilg state at 8.59 e V [31] and at 
the threshold for positronium formation (8 . 78 e V). The Ps forrnation (loss) and electronic 
excitation scattering (trapping) channels thus compete for positron flux. The unusual case 
of electronic excitation thresholds below the Ps formation threshold, as in 2 , is ideal for 
trapping. The scattering energy in the first stage of the trap is adjusted en1pirically to 
find the n1axi1num in the trapped flux , before positroniu1n formation dominates causing 
a decrease in trapped positron flux. The loading ti1ne and N2 density were optimised 
empirically in previous work [69]. 
Cooling 
During cooling, positrons trapped in the lower potential well are isolated from the rest 
of the trap by raising an electrode to form an electrostatic barrier . Positrons in the 
final section of the trap ( electrode E8 in figure 3. 7) lose further energy via vibrational 
and rotational excitation of CF 4 and N2. CF 4 has a positron cooling time two orders-
of-magnitude faster than 12 [80], alloViring the trapped positrons to cool on the order 
of 1nilliseconds for the present trap configuration. Vibrational excitation of the do1ninant 
fundamental 1node, v3 (159 1ne V), of CF 4 has been n1easured by Marler et al. [37] and it has 
a peak scattering cross section an order-of-1nagnitude higher than the peak excitation of the 
a 1 Ilg state of N 2 . Positrons cool further by rotational excitations, allowing thennalisation 
of the trapped positrons with the roon1 ten1perature trap gases . The cooling ti1ne could be 
adj usted but typically Viras 1 to 5 n1illiseconds , given the CF 4 density that was optimised 
en1pirically as in previous work [69]. 
Dumping of the Positron Beam 
The cold positron beam was then expelled fro1n the trap by raising the botto1n of the 
confi11ing well to a potential larger than the potential of the final electrode (E9), but 
lower than the blocking electrode (E7), as shoVirn schematically in figure 3. 9. Accu1nulated 
positrons are then ejected from the potential well , or fro1n the interior of electrode 8: 
and are pre" ented fro1n tra" eling back toVirard the source due to the blocking electrode. 
The ejected positrons have an energy of Er = e(VE9 - Vchamber), where Vchamber is at 
ground or ear h potential. The t ime dependent potential profile of electrode 8 (E8) in 
the dumping phase was logarithmic, Virhich was found to gi" e the n1ost consistent results 
con1pared to a linear or stepped profile. This dun1p profile had the advantage of rapidly 
raising the thermalised positron beam near the transport energy and s1noothly ran1ping 
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above the ·wall electrode, minimising any heating of the trapped po itron cloud before 
being dumped . A typical positron dump duration was 3 1nilliseconds giving a total trap 
tin1e of 0J 15 milliseconds. 
3.4 Scattering Cell 
The scattering cell (SC) is fabricated from an OHFC tube and was plated with gold 
(Au). Each cell consisted of a tube which ·was clamped in place by two bulk heads , also 
constructed of gold plated OHFC . These bulk heads ·were electrically isolated from their 
mechanical supports by custom ceramic spacers. Three different scattering cell lengths can 
be used; 50, 100 and 200 min. One gas feed line was connected to the scattering cell to 
provide the target gas and another line was connected to a capacitance manometer. The 
capacitance manometer , or Baratron (MKS 1odel #: 690A01 TRA) , was used to 1nonitor 
the target pressure during the experiment and was 1naintained at a temperature of 45 
degrees Celsius to minimise effects due to temperature fluctuations. This measurement 
·was used to determine the absolute density in the scattering cell required for determining 
absolute scattering cross sections. 
The energy of the positron beam traversing the system is determined by measuring 
the parallel energy distribution, as discussed below in §3.5. The center of the positron 
beam energy distribution measured using the SC , V3~, is used to set the collision energy 
(E e) within the SC , 
(3.1 ) 
The target gas flovved out of the scattering cell via the entrance and exit apertures which 
were 4.5 1nm in diameter , fonning a beam of target atoms or n1olecules. The radial and 
axial profile of the aton1ic and molecular beams generated fro1n aperture and capillaries 
has been 1neasured and n1odeled [81, 82]. A gold plated cylindrical copper mesh was fixed 
to both the entrance and xit apertures, vvhich extended beyond the radial and axial 
extent of the target gas outflow. This maintained the collision energy along the positron 
scattering path and nsured that the quantity nl was the product of the n1easured density 
and the physical length of the scattering cell [83]. A successful demonstration of this was 
the bench1narking of the positron-heliu1n grand total scattering cross section [84]. 
3 .5 R etarding Potential Analyser 
Th parallel con1ponent of the positron energy. see §4.1 of Chapter 4. was analy ed using 
a c)-lindrically syn1n1etric retarding potential anayl er (RPA). It con i ted of a gold-plated 
OHFC tube n1ounted \Yith the axis of sy1nmetry parallel to the olenoidal magnetic field. 
The RPA "-a et to a potential. VRPA. and only positron "-ith parallel energy high r 
than e v RPA pa s through and are detected. The RPA i used to measure the number of 
po itron a a function of 1 RPA and the derivative of this measur ment yields the parallel 
energ)- spectrun1. The RPA i routinely u ed to determine the parallel en rgy width of the 
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positron beam from the trap . A measurement of the parallel energy distribution of the 
positron beam is shown in figure 3.10 . Positrons accumulated and cooled in the trap have 
undergone many inelastic collisions in the process of thermalisation. The parallel energy 
width of the positron pulse is approximated using a Gaussian or normal distribution which 
is a complementary error function, 
2 rx t2 
er fc(x) = 1 - fa Jo e- dt. (3.2) 
Generally, the full-width at half maximum (FWHJVI) is used to report the parallel energy 
width which is determined from the standard deviation ( O") of the Gaussian, 
(3.3) 
Positrons that undergo scattering may lose a significant amount of parallel energy. Mea-
suring the number of positrons as a function of VRP A is therefore also used to determine 
which scattering processes the positron has undergone, as discussed in Chapter 4. 
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Figure 3.10: A measurement of the parallel energy width of the positron beam. The data (black 
points) is fitted using equation 3.2 (red line) and in this case the beam width is rv 70 meV (FWHM) . 
36 Exp erimental Details 
3.6 Positron Detection 
The positron detection syst em consist s of a double st ack micro-channel plate ( 1CP) ar-
ranged in a chevron configuration and inst alled on a 6-inch conflat (CF) fl ange . The front 
of the NICP st ack was biased negatively and the back of the stack was biased posit iv ly. 
Typically t he bias on the front NICP was f"'v - 300 V and at t he back of t he 1CP stack it 
was set t o f"'v + 1700V to provide the n1aximurn gain. A grounded 1nesh was added above 
t he NICP st ack , to shield the electric field from the RPA region , in an effort to reduce 
E x 13 effect s and limit any alteration of the analysing field of the RPA by the 1CP 
potential. The output of the _ fCP stack was capacitively coupled to a current-to-voltage 
an1plifier (Femto HCA-l NI-1 1-C) . This transimpedance amplifier converted t he current 
pulse into a voltage pulse which was read into an oscilloscope card on t h PXI-Chassis. 
The PXI-5114 was a 250 kS / sec digitiser card which allowed the voltage pulse from t he 
amplifier to be recorded . A variable ti1ne window was used to ensure t hat t he ent ire pulse 
was captured and was usually a millisecond in width. These pulses were integrated and 
background subtract ed within the Labview Code to provide a 1neasurement of the charge 
incident on the 1VICP. 
3. 7 Final Remarks 
This in1plen1entation of a Surko style buffer-gas trap provides a pulsed positron beam wit h 
an energy widt h as low as 40 n1e V . It i coupled to a scatt ering apparatus which allows 
for t he determination of t he parallel energy of posit rons which have passed t hrough the 
scattering or gas cell at a specific energy. The parallel energy loss is subsequent ly used to 
detennine cattering cross section , as will also be discussed in t he next Chapter. 
Chapter 4 
Analysis Considerations 
The techniques used to determine scattering cross sections in a magnetically confined and 
guided positron scattering apparatus, from the measurement of the parallel energy loss of 
scattered positrons , are discussed in this chapter . Various constraints are reviewed , with 
specific examples given illustrating the limitations of the present technique. 
4.1 Positrons in a Magnetic Field 
The motion of a charged particle in an external field is governed by the Lorentz force ( f) 
law, 
f = q (E + V X B) ' (4 .1) 
where q is the charge of the particle, v is the velocity of the particle, E is the electric 
field , and B is the magnetic field. In these experiments, the scattering region is contained 
in a solenoidal magnetic field which radially confines the positrons. Considering only the 
magnetic field, equation 4.1 becomes , 
fB = qv x B , (4.2) 
where the force (f8 ) due to the magnetic field is orthogonal to both the velocity and the 
field . This force leads to cyclotron motion of the positron in which the circular motion of 
the positron in a magnetic field is related to its velocity (perpendicular to the field) , 
mv1_ 
Tc = qlBI 
./2mE1_ 
qlBI (4.3) 
where r c is the cyclotron radius and E 1_ is the kinetic energy of the particle perpendicular 
to the magnetic field. The axis of the magnetic field determines a reference for the motion 
of the positron and this vector relationship leads to deconstruction of the kinetic energy 
into two orthogonal components , where the velocity component perpendicular to the field 
line results in the radial motion or gyration of the positron and the component parallel 
to the field is the axial motion. Two components of the total energy (Er) can thus be 
defined; one parallel to the magnetic field and one perpendicular to the magnetic field 
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such that, 
(4 .4) 
E 11 is related to the parallel and total velocities so that , 
( 4.5) 
where e is the angle between the direction of the total velocity and the axis of the confining 
1nagnetic field. If the magnetic field varies adiabatically (spatially or temporally) such 
that the total kinetic energy of the positron is conserved , the ratio of the kinetic energy 
orthogonal to the magnetic field is invariant or constant , 
(4 .6) 
As a result , a positron with a E 1_ at one field magnitude IBI will have a different E~ at 
different field 1nagnitude I B' I if the field changes adiabatically. A si1nple ratio , NI, between 
two field n1agnitudes can be defined , 
IB'I E~ 
M = TBf = E 1_ . (4 .7) 
As discussed previously in Chapter 3, the retarding potential analyser (RPA) is cylindri-
cally symmetric with t he axis parallel to the axis of sym1netry of the solenoid . Therefor , 
only the parallel energy can be analysed using the RPA. For the b am energi s (between 
60 and 200 e V) and resolutions ( rv 60 1ne V) considered in this thesis, the perpendicular 
energy i sn1all, E 11 >> E1_, such that E 11 rv Ey. 
For scattering experiments , the collision energy, Ee, i determined by the potential uf 
the cattering cell (SC) as discussed in Chapter 3. It is the 1naximum a1nount of energy 
which can be lost in a collision within the SC, 
( 4. ) 
P ositrons exiting the SC have a distribution of the parallel energy los between E 11m and 
0 e V. \Yhich is determined by t he scattering proce s. Varying the RPA potential allows the 
111ea uren1ent of the nun1ber of positrons tran mitted as a function of the parallel energy 
of the positron . Ic ( E
11
) . The method for detennining the angular or elastic differential 
cattering cross section will be discussed below (§4.4). 
By 1nea uring the number of po itrons which have undergone a particular loss of par-
allel energy. the grand total and partial scattering cro s ection can be d termined. The 
inYariance of the ratio between the field 1nagnitude and perpendicular energy allows for 
the di tribution of the energy lo s spectru1n to be altered by changing the field. which i 
di cu ed belo\-: . to eparate elastic from inelastic cattering (§4.5). 
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4.2 Grand Total Scattering Cross Section 
The grand total scattering cross section (acres), discussed in Chapter 2 (see also equation 
4.9), was determined using the Beer-Lambert Law, 
acres= -- ln -- , 1 (Im) 
nl IoR 
(4 .9) 
where IoR is the intensity of the unscattered beam, Im is the intensity of the scattered 
beam, n is the density of the target and l is the length of the scattering cell. A schematic 
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Figure 4.1: A sche1natic parallel energy loss curve indicating the parallel energy loss associated 
with each intensity used to calculate the various cross sections. A detail description of the intensities 
is given below, but briefly, IoR is the intensity of scattered plus unscattered positrons, Io is the 
intensity of positrons which have not undergone positronium fonnation, I~ is the intensity of 
positrons which have not a specific scattering process ( see below), Im is the intensity of positrons 
which have not scattered and lb is the background frmn the detector. 
energy loss diagra1n is shown in figure 4.1. The retarding potential (V) is depicted with 
relation to the measurement of the beam intensities; IoR and Im. Generally, the amount of 
attenuation of the positron bea1n due to the target gas was set to < 10 %, but shown as rv 
20 % in the figure 4.1. IoR is determined by setting the gas cell to the scattering energy of 
interest (Ecell = e Vcell) and setting the retarding potential analyser (RPA) to zero , thereby 
allowing all positrons, scattered and unscattered, to be detected by the microchannel plate 
(MCP) assembly. Backward scattered positrons are reflected into the forward direction 
by an element just before the scattering cell. Im is determined by setting the analysing 
RPA potential to just below the incident beam or ~ V below the beam energy, Er , such 
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that the scattered beam is differentiated from the unscattered beam. The value of~ V is 
chosen between 3 and 5 a of the beam parallel energy width, see equation 3.3 of §3.5. This 
results in two measurements of the positron beam intensity, the total beam, scattered and 
unscattered , and the unscattered beam. Background measurements and issues relating to 
the finite energy width of the positron beam are discussed below (se § 4.7 and § 4.8). 
4.3 Positronium Formation Cross Section 
The binding energy of the positron-electron bound state or positronium (Ps), is 6.80 e V or 
0.250 Hartrees . Positrons traversing the gas cell will only form Ps if their energy is above 
the formation threshold (EPs = E1p - 6.80eV), as discussed in Chapter 2. The Ps formed 
in the scattering cell will have a maximum kinetic energy defined by the energy sharing 
with the residual ion [85]. The bound state of Ps is neutral and thus will not be confined 
radially by the magnetic field, resulting in diffusion of the Ps to the chamber walls where it 
will annihilate. A forward scattered positronium atom, with a kinetic energy of 200 e V , will 
traverse less than a metre (at the mean lifetime) before annihilating in flight (p-Ps , 0.74 
mm and o-Ps, 0.84 m). Therefore few Ps atoms have sufficient energy to travel to the JVICP 
before annihilating. This results in a loss of positrons from the beam and is dependent 
on the scattering energy. J\!Ieasuring the number of positrons which have traversed the 
scattering cell below the threshold for Ps formation, and above this threshold , allows the 
positronium formation cross section to be determined , and the measurement to achieve 
this is shown schematically in figure 4.1. An attenuation factor can be determined which 
scales the grand total scattering cross sections [20] , 
( 4.10) 
The parameter Rps is det ermined as a ratio of the total attenuation of the positron bea111 
and that which is solely due to th fonnation of positroniu111, 
R - IoR - Ia P s -
IoR - Im 
( 4.11 ) 
The ratio , R ps, describes the a111ount_ of positrons lost to th formation of positronium 
and t hus t he P s forn1ation cross section for any atom or 111olecule, which has an ioni ation 
potential above t he binding energy of P s, can be det ermined using this method. Figure 4.1 
shows a schem atic diagra111 of an example measurement of the parallel energy loss, indicat-
ing each intensity required to det ermine Rps in equation 4.11 , and thus the postironiu111 
forn1ation cro s section. 
IoR is a 111easure111ent of the ntire beam intensity as defined in §4.2. Ia is a 111ea-
suren1ent of the bean1 intensity at the scattering energy of interest , with the ret arding 
potential analyser set to zero uch that the entire b am, scattered and unscattered , is 
n1easured by t he detection syste111 (IvICP), but does not include positrons lost to P s for-
mation. If po ·it ron are lost due to the formation of positronium at the ·cattering energy, 
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I0 will be less than IoR· The definition of Im is the same as that defined in §4.2. 
4.4 Elastic Differential Scattering Cross Section 
A positron which undergoes elastic scattering in the scattering cell (SC) loses energy in 
the parallel direction. None of the incident energy is lost to the target atom or molecule, 
but rather the motion relative to the field is altered such that energy is conserved, as given 
by equation 4.4. The scattering angle of the positron is related to the energy along the 
axis of the confining magnetic field, 
( 4.12) 
The relation of the parallel energy loss to the scattering angle allows the elastic scattering 
cross section to be determined when only elastic scattering is possible, since the number 
of positrons can be measured as a function of the parallel energy loss , Ic (E11 ). Consider 
a positron with initial energy components E1_ rv O eV and E 11 rv Ee. If the positron 
elastically scatters through angle e, the relationship between E 11 and E1_ changes. For a 
total scattering energy of Ee, the energy balance becomes, 
(4.13) 
By measuring the parallel energy loss the angular dependence can be determined via the 
mapping in equation 4.12, where e is the scattering angle ... The elastic differential cross 
section was determined using [38, 86], 
~ I s dD 
nl I 0 ' 
(4.14) 
~ (dic(Ee, E 11 )) 
1rnlI0 dEII ' 
(4.15) 
where Is is the intensity of positrons scattered with energy E 11 and dD = 21rsinBde , for 
an unoriented target, where e is the scattering angle as defined in equation 4.13. The 
scattering cell is set to a potential corresponding to a collision energy of Ee. The parallel 
energy loss intensity, Ic(Ee, E 11 ), is measured with the RPA. The derivative of Ic(E 1i ) 
is proportional the differential scattering cross section. The absolute normalization is 
determined from the beam intensity (I0 ), number density (n), length of the scattering 
cell (l), scattering energy (Ee) and the parallel energy (E11 ). The integral of equation 
4.14 yields the grand total scattering cross section when only the total elastic scattering 
channel is open. Otherwise , it is the magnitude of the elastic scattering cross section. 
The relationship between the parallel and collision energies and the scattering angle 
given in equation 4.12 is bounded between O and 90 degrees. Positrons which scatter at 
angles higher than 90 degrees are scattered in the backwards direction. These positrons 
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Figure 4.2: An exan1ple parallel energy los curYe l\iith corresponding cattering angles from 
Sulli,·an et al. [3 ] . The open circle are the energy los of the positron beam \Yith no ga in the 
cattering cell and the filled circles correspond to ga in the cattering cell. 
are reflected by the RPA prior to the SC and tra,·er e the SC a econd time. Hence. these 
po itrons are ·folded · about 90 degrees so the mea ured ela tic cattering cro s ection 
i folded about 90 degrees . and the cross ection is actually a mea ure of cattering at 
e + (1 0 - 8) degrees . The target den ity i n1aintained a lo\\· a po ible to limit multiple 
cattering effect or \\·ithin the ingle cattering approxin1ation. 
4.5 Total Elastic Scattering Cross Section 
The detern1ination of the differential ela tic cattering cro ection \\·a de cribed above. 
In addition. the total ela tic cattering cro ection can be determined a a function 
of the incid nt po itron ener~-- Po itron \\·hich haYe undergone ela tic cattering are 
distinffui hed fron1 tho e that ha,·e undergone other t::pe of catterina- by u ing the RPA. 
to di -crin1inate po itron a a function of their parallel energy lo in combination with the 
adiabatic in,·ariant rri,·en in equation .J.6. Figure .J.2 i an example of the parallel energy 
lo-- u -ed to detern1ine an ela tic differential catterina- cro ection a di cu ed preYiou ly. 
The inteo:-ral n1ea urement i analogou to determinino- the !lrand total cattering cro 
section cle -cribed preYiou l~- in §.J.2. Here the ratio of the number of po itron which are 
-cattered ela -ticalh· ,·er u the total nun1ber of cattered po itron i u ed to determine 
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the total elastic scattering cross section, 
with 
O' Elasti c = RElasticO'GTCS, 
I~ - Im 
RElastic = I l , 
OR- m 
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(4.16) 
( 4.17) 
where IoR and Im have been defined previously and I~ is the nun1ber of positrons in the 
beam which are either scattered elastically or are unscattered, see figure 4.1. 
Various scattering processes are available at different incident energies so care must 
be taken to determine where this method is applicable. For atoms, in particular the 
noble gases, the elastic scattering cross section is effectively determined by subtracting the 
positronium formation cross section from the grand total scattering cross section below 
the first electronic excitation threshold, or until the end of the Ore gap as discussed in 
Chapter 2. Below the first electronic excitation only three channels are open: annihilation; 
which is negligible, positronium formation and elast ic scattering. For the case of positron 
scattering fro1n molecules, t he total elastic scattering cross section can be determined below 
the first electronic excitation, but must be considered as a quasi-elastic scattering cross 
section since, for the experimental parameters used in this work, it includes vibrational 
and rotational excitations (§7.2 .3). 
Above the first electronic excitation the parallel energy loss contains both elastic scat-
tering and scattering due to electronic excitation . The mixing of the two ( or more) scat-
tering channels in parallel energy loss results in equation 4.13 be modified as, 
N 
E(i(e) = Eccos28 + L (Ec - E~)xn(e), ( 4.18) 
n 
where Xn correspond to the angular dependence of the nth inelastic scattering channel and 
E~ is the threshold energy for the excitation of the nth inelastic channel. The overlap of 
the elastic and inelastic channels can be solved by changing the 1nagnetic field magnitude 
at the retarding potential analyser (RPA). This is possible because the ratio between the 
perpendicular energy and the magnetic field are a constant , or adiabatically invariant , due 
to the slowly changing magnetic field. Since , is a constant , energy conservation can be 
used to determine the relationship between the parallel energy, which is detennined by 
the RPA and the 1nagnetic field , see equation 4.6 . 
\tVhen the magnetic field in the RPA is less than that in the scattering cell , E 1_ is 
converted back to E 11, but the total energy loss remains fixed. This allows for the separation 
of the elastic and inelastic channels [38 , 75] because the parallel energy loss due to the 
angular scatter is reduced , but the total energy loss due to the collision remains the san1e, 
E e. The ratio of the 1nagnetic field in the analyzer to that of the scattering cell , or 1VI 
ratio described above in equation 4. 7, determines the compression factor; the larger the 
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value of l\I. t he greater the amount of compression ; 
(4 .19) 
The required Nl to separate t he elastic scat tering channel from electronic excitation is de-
pendent on t he scattering energy of interest and t he t hreshold energy of t h first electronic 
excitation. An example of thi compression is shown in figure 4. 3. Wh n a high field ratio 
(:~l ) is applied 1 t he excitation threshold is seen as a st ep in t he parallel energy loss . If t he 
l\ l ratio is high enough the elastic catt ering can be compressed below t he t hreshold (in 
t he E ll distribut ion): and the elastic and inelastic scatt ering channels can be separated . 
Judicious election of parallel energies at which positron numbers are measured is requir d 
to accurately determine the cross section. 
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4.6 Total Inelastic Scattering Cross Section 
The total inelastic scattering cross section can be determined in a similar manner to 
the total elastic cross section. A field ratio or 1\/I value between the retarding potential 
analyser and the scattering cell is used to compress the elastic scattering to below the first 
electronic excitation, completely separating elastic processes from energy loss collisions as 
discussed above. The expression used to calculate the total inelastic cross section from 
the experimental measurements is, 
(]'inelastic = Rinelastic(J'GTCS, ( 4.20) 
with the ratio, 
Ia - I~ 
Rinelastic = J J 
OR- m 
( 4.21) 
The intensity measurements in equation 4.21 are defined in the same manner as previ-
ously. Thus the ratio in equation 4.21 defines all positrons undergoing inelastic collisions 
normalized to the total attenuation . The total inelastic cross section can be measured 
using a moderate field ratio over a range of energies, but this range is dependent on the 
electronic configuration of the atom or molecule of interest. This cross section will contain 
all electronic excitations and ionisation processes for an atomic target, but will not contain 
vibrational or rotational scattering channels for a molecule. The same intensity data used 
to determine the total elastic scattering cross section can be used to calculate the total 
inelastic cross section. At high energies, well above the ionisation potential of an atom 
or molecule, the ionisation channel will likely dominate the total inelastic scattering cross 
section. 
Table 4.1: Electronic excitation thresholds for positron scattering from Helium and Hydrogen. 
Target 1st ( e V) State 2nd ( e V) State 
He 20.6 2 1S 21.2 2 1 P 0 
H2 11.3 B 1 "I'i 12.3 C 1 II 
When the 1\/I-ratio is high enough, individual electronic excitation and ionisation pro-
cesses can be resolved. This has been de1nonstrated for a number of targets , but of interest 
in this thesis are the results for helium [87] and molecular hydrogen [88], whose first two 
electronic excitation thresholds are listed in Table 4.1 . 
4. 7 Systematic Effects and Uncertainty 
Measurements of scattering cross sections using the retarding potential analysis requires 
a careful consideration of various systematic effects . A series of experimental limitations 
resulting in non-ideal measurement conditions and methods for removal are reviewed be-
low. 
4 6 Analysis Considerations 
D e n s ity M easureme nts 
The target density, n, is determined from the measurement of the scatt ering cell (SC) 
pressure. The capacitance manometer determines the pressure by measuring the change 
in capacitance between a metal diaphragm and a fixed electrode. The manomet er volurne is 
maintained at a fixed temperature of 45 degrees C. A t en1perature cornpensated a1nplifier 
provides an analog signal which is coupled to an analog input of the data acquisition 
computer to read the SC pressure. Two additional parameters are required to det ermine 
the absolute value of the pressure within the SC and the uncertainty in the pressure. 
Firstly, the drift in the measurement of the zero of the manometer as a function of time. 
Secondly, the difference in the measured density at the manometer and the density in the 
scattering cell due to the difference in the temperature between them. 
Density Measurements: Baratron Zero Drift 
Despite temperature compensation , the measured zero value drifts with time and the effect 
of this drift on t he density measurement depends on the absolute magnitude of the density. 
However , this drift can be measured and removed fron1 the measurement of the density 
during an experimental run. As seen in figure 4.4, the zero drift has a primarily diurnal 
cycle . The peak-to-peak value can be used as the uncertainty on the zero value. The 
manometer is covered by an insulated box to mitigate against temperatur fluctuations. 
Fluctuations in the zero value are ± 0.03 mTorr. If the zero is outside of this range, the 
manometer zero is reset by pumping on the syste1n until the pressure is less than 10- 6 
Torr and reseting the manometer controller . 
Pract ically however , the zero value is measured before and aft r a cros section mea-
surement and it is removed from the measured value of the density. Generally the density 
in the scattering cell is set to provide rv 10 % scattering, and depending on th target of 
int rest, the baratron zero value can be negligible or a significant fraction of the measure-
1nent, requiring an estimation of the uncertainty. This is done by measuring t he baratron 
value vvith no gas admitted to the system before and after each experimental run to de-
tern1ine the 1nagnitude of the drift . The uncertainty estimate from the drift has b n 
found , und r 01ne circumstances, to dominate over the uncertainty on the manometer 
or Baratron reading and may b due to 1nechanical vibration in the xperi1nental syste1n 
rather than temp rature fluctuations . 
D ensity Measurements : Thermal Transp irati on 
Thern1al transpiration . or the ffect of a difference in the density measured between two 
connected volun1es due to a difference in the two volu1ne ·s temperature, is a systematic 
effect that can be co1npensated for , to a degree. In this ca e, it must be accounted for 
because the n1easure1nent volume or the capacitance mano1n ter vess 1 is heated to 45°C 
and the scattering or target cell is at roo1n temperature or 23°C. A correction can be 
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Figure 4.4: An example of the drift in the zero measurement of the Baratron or capacitance 
manometer pressure. 
applied based on the work of Takaishi and Sensui [89], using the formula , 
( 4.22) 
where X = P2d and d is the diameter of the connecting tube. The coefficients A , B and 
Care, 
A A*f- 2 
B B*f - 1 
C C*f-1 /2 
' 
( 4.23) 
and f = (T1 + T2) / 2. Taking T1 to be the temperature of the scattering cell and T2 
to be the temperature of the capacitance manometer , the correction to the pressure for 
each target gas can be determined using the parameters in table 4 .2. Not all atomic and 
molecular gases have thermal transpiration correction parameters , such as those in table 
4.2, available in the literature, and thus an approximation based on an empirical trend 
can be used which only requires the collisional diameter of the target molecule , 
A* 1.4 X 104e0.507 D, 
B * 5.6 X e0.607D, 
C* 110 --14 D . ( 4.24) 
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Table 4.2: Parameters for determining the effects of thermal transpiration on the 111easured 
pressure with associated units: A*, [ x 10- 5 (°C) 2 / Torr 2 ]; B*, [ x 10- 2 (°C)/Torr]; C*, [ J°C / Torr]· 
J\!Iolecular Diameter (D), A. [89] 
Gas Corrections % A* 
1.4 rv 1.5 
1.24 
2.65 
1.44 
2 
14.5 
B* 
1.2 rv 1.1 
8.00 
1.88 
0.91 
1 
15.0 
C* 
18 rv 20 
10.6 
30.0 
9.91 
8 
13 
D(A) 
2.15 rv 2 .1 7 
2.68 rv 2.69 
2.55 
4.60 
5 
4.09 
The coefficients in equation 4 .23 can be rewritten in terms of the target's collisional diarn-
eter, which can be obtained using a relation determined by Kestin and Leidenfrost [90). 
( 4.25) 
This relates the viscosity of the target atomic or molecular gas to a collisional diameter, 
which allows the empirical relations of 4.24 to be used to calculate the thermal transpira-
tion. Using either measured coefficients or those calculated from equation 4.24 and 4.25, 
the magnitude of this effect ·was no greater than 2 % for the atomic or molecular targets 
investigated in this thesis. Note that this effect was corrected for before the normalisation 
of the experimental data. 
Trap Gases 
One simple requirement of the parallel energy spectrum is that it has a slope of zero 
between VRPA and Er /e - ~ V, with no gas in the scattering cell (SC) . In terms of 
the parallel energy loss due to scattering, this corresponds to no positrons undergoing 
scattering which should be the case when no target gas is ad1nitted to the SC A non-zero 
slope in the parallel energy spectrum results in an effective non-zero background in the 
scattering cross section mea urement detennined by the 1nethods outlined above. The 
Surko trap operates with N2 and CF 4 continuously flowing fron1 the interior of the trap 
to the exterior. Positrons exiting the trap scatter with this gas mixture in the transport 
region before the SC at a collision energy of Er . A measur ment of the parallel energy 
loss. the blue circles in figure 4.5, of the positron bea1n is performed to determine the 
background scattering from trap gases in th system before the target gas i admitt d for 
111easure1nent. 
The n1ajority of the ga fron1 th trap is contained between the trap and the scattering 
cell . A teflon ring isolates. or considerably limits , the conductance between the upstream 
and the downstream section of the apparatus, isolating gas s to the region between the 
trap and the scattering cell. Th nl path length is relatively large up until the scattering 
cell which i evident by the blue circles in figure 4.5 where nearly 15 % of the incident 
bea1n is lost due to scattering with trap gases. Those positron which have scattered prior 
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Figure 4.5: A measurement of the parallel energy loss of positrons: blue circles, a measurement 
of the scattering between the exit of the trap and the SC, and red circles, a measurement over 
the same parallel energy loss with the RPA just prior to the Scattering Cell set to reject positrons 
which have scattered . 
to the SC are removed by setting the potential of the retarding potential analyser in front 
of the SC on the "knee" of the cutoff curve or at /"'v 80 V in figure 4.5. The resulting 
positron beam, red circles of figure 4.5, consists of positrons which have not scattered 
from the trap gases and a small portion which have scattered in the forward direction. 
Target Gas 
Target gas is expelled from the scattering cell (SC) during an experimental run. Positrons 
on the exit side of the SC will scatter with this target gas at a collision energy of Er . 
This results in a background in the parallel energy loss. An example of this background 
is shown in figure 4.6 , compared to an ideal parallel energy spectrum. Generally, the 
percentage scattering is set for the target gas at 10 %. The measured background in figure 
4.6 is 0.2 %, which would correspond to a background of 2 % of the total scattering in 
this exa1nple. This background is energy dependent and must be measured so it can be 
removed, as it can change the energy dependence of a measured cross section. 
Removal of Background 
The atomic or molecular target 's electronic configuration constrains the energies or po-
tentials used to determine partial cross sections: as discussed in detail above. A stringent 
test of the above technique is the measurement about the threshold for a new scattering 
process, where the cross section is zero below the threshold and non-zero above. If a 
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Figure 4.6: A measurement of the parallel energy of the positron beam with a non-zero back-
ground. 
partial scattering cross section appears to be non-zero below threshold , a background is 
(likely) present. A prin1e example of this is shown in figure 4. 7, where the total inelastic 
scattering cross section is measured in molecular hydrogen. As discussed previously, the 
total inelastic scattering cross section does not differentiate between electronic excitations 
and ionisation, but there is an energy range where the only contribution to the total inelas-
tic cross section is the first electronic excitation. The raw, or uncorrected , n1easurem nt 
shows a non-zero cros section below the first electronic threshold at 11.3 e V. Since the un-
certainty in the absolute energy calibration is ± 50 meV , the parallel energy loss is clearly 
indicating a non-zero value below threshold, however , ther ar no excitation channels 
open. vVhen the target gas, H2 , is removed from the system and a "gas out" measurement 
of the parall 1 energy is taken, a s1nall slope i measured. The gas out measurement is 
then used to corr ct the measured data by eli1ninating th background slope. When this is 
done, th correct d inelastic scattering cross section is zero, to within t he uncertainty on 
the 1nea urement. below the inelastic threshold as seen in the corrected data in figure 4. 7. 
Above the threshold. the total inelastic cross section is consistent with the only existing 
n1easurement of the first electronic excitation from Sullivan et al. [34] until t he onset of 
direct ionisation at 15 .43 eV. see figur 4.7. 
This background correction example require two n1easur ments; on with target gas 
and one without . thereby incr asing the accumulation time for a particular measure1nent . 
It is pos ible however . to obtain such background information from t he parallel energy 
los of any measurem nt of a cattering cross section with only a slight cav at . Recall the 
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Figure 4. 7: Comparison of an uncorrected and corrected measurement of the total inelastic 
scattering cross section in molecular hydrogen; solid blue circles; uncorrected measurement, open 
red circles; correction for linear background in the retarding potential or parallel energy loss curve. 
The error bars have been suppressed as the statistical nature of the data is evident in the scatter 
in the data. These measurements are compared to the B 1 ~ electronic-state results of Sullivan et 
al. [34]. 
energy loss diagrams from the preceding sections where intensities were measured for a 
particular parallel energy loss . Figure 4.1 recreates the previous parallel energy loss curve 
with a small background. For a scattering energy less than the transport energy, the 
positron can lose a 1naximum of the collision energy within the cell. A measure1nent at an 
energy loss equivalent to the transport energy in addition to a measurement at the collision 
energy will be equal if no background scattering is present in the systen1. 11easuring these 
two intensities and assuming that the slope is linear (not necessarily the case, see chapter 
5) allows for the removal of the background scattering present during the measuren1ent. 
It is important to use intensities measured during the experimental run with the target 
present in the systen1, since the target gas may alter the magnitude of the background. 
However , caution must be taken in using the linear interpolation of the background when 
strong scattering channels such as ionisation are involved. 
4.8 Angular Limitations 
The positron beam has a finite energy width which is related to the angular distribution 
for a given collision energy, see §4.4 equation 4.12. Therefore , some portion of the forward 
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scattered positrons are not distinguishable from the beam. The mini1num, or 'critical··, 
angle that is measurable can be defined as, 
( 4.26) 
where, 6.E is the normal energy width of the positron bea1n and E is the scattering 
energy set by the potential on the scattering cell. As the scattering energy decreases , the 
an1ount of the angular scatter included in the total scattering cross section measurement 
decreases since the energy width of the beam is fixed, and becomes a significant portion 
of the scattering energy. Therefore, the experin1ental results will always be lower than the 
true cross section as discussed in Sullivan et al. [91] . Theoretical results can be used to 
estin1ate the percentage of the cross section which is missing. This method has been used 
in a number of publications [7- 9, 92] and is also employed in chapter 7. 
Positrons which scatter near 90° have a longer path along the scattering cell. If th 
collision energy is above the positronium formation threshold , these positrons may undergo 
another collision and form Ps , constituting a loss of positron flux . Those that are not lost, 
due to P s formation , 1nay scatter a second ti1ne into a different angle. This leads to 
a reduction in the measured scattering at high angles, which can only be mitigated by 
decreasing the percentage scatter and thereby increasing the accumulation t ime. Specific 
examples will be discussed in chapter 5. Both the inability to distinguish the unscattered 
beam from forward scattered positrons at low parallel energies and loss of the scattered 
positron near 90°, result in the measured elastic differential scattering cross section being 
distorted vvith regards to its true angular behaviour. 
For integral measurements, such as t he grand total scattering cross section, only the 
missing elastically scattered positrons at forward angles , which cannot be distingui ·hed 
from the incident beam, lead to an underestimation of the GTCS. An example of thi for 
1nolecular hydrogen is given in chapter 7. There a series of elast ic differential scattering 
cross sections are co1npared to theoretical results to provide an estimate of t he mis ing 
co1nponent of the cross section [34] . 
4. 9 Statistical Uncertainty 
The positron bean1 is pulsed at a rate of rv 100 Hz. as discus ·ed in Chapter 3. Due to the 
decay of the moderator . al o discussed in Chapter 3 and shown in figure 4. (a) . t he desired 
cross section is mea ur d on a time scale much orter than the d cay t ime. The duration of 
a single mea urement can . in energy for example . is rv 1 minute. Each positron intensity 
is n1easured rv 100 times . and summed . The uncertainty due to the decay of t he moderator 
is negligible since the sampling ti1ne is much le s t han t he decay time. The pressur in the 
scattering cell i read out fron1 the Baratron . once per can . Thi is used to detern1ine the 
cross section for the single measurement scan. A typical measurement will consist rv one 
thou and scan and a histogra1n i shown in figure 4. (b) . where the hi togram of the raw 
§4.10 Final Remarks 53 
data is compared to the histogram for the moderator decay corrected data. The normal 
or Gaussian nature of the corrected data is clearly seen and has been fitted using a normal 
distribution. The cross section is detennined from the mean of all the measurements or 
scans, and the statistical uncertainty of each measurement is determined by the standard 
deviation [93], 
u~J 1 "'(x·-x) 2 
, N-1 ~ i ' 
i 
where N is the number of scans . 
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Figure 4 .8: ( a) An example of moderator decay observed in the measurement of the beam intensity 
(red line). (b) Comparison of the histogram of the intensity measurement without (green) and with 
(blue) correction for the moderator decay. A Gaussian, or nonnal, distribution , has been fitted to 
the experimental data. 
4.10 Final Remarks 
All data presented subsequently has been carefully analysed with the above considerations 
in mind, and the uncertainties presented are absolute, unless otherwise stated. Any effect 
of the limitations in this experimental technique will be treated as part of the discussion 
of the results in the following chapters. 
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Chapter 5 
Helium Elastic Differential Cross 
Sections 
5.1 Introduction 
Positron interactions with the helium atom are amongst the most fundamental investi-
gations of the interaction of antimatter with matter. Experimentally, they provide the 
most tractable studies of a simple atomic system, which can in turn be used to test con-
temporary quantum scattering theory. In recent years, results from four state-of-the-art 
theoretical calculations [50, 87, 94 , 95] of positron scattering fron1 the helium atom have 
converged to within around 10 %, or better , of the total elastic cross section measurements 
of JVIizogawa et al. [96] . In a recent review article by Surko et al. [22] and in Buckman and 
Sullivan [97], the experimental work of l\!Iizogawa et al. [96], the Kohn variational calcula-
tions of Van Reeth and Humberston [98], and the many-body calculations of Gribakin and 
Ludlow [12], are regarded as amongst the first "benchmark" results in positron collision 
physics. l\!Iore broadly however , agreement between state-of-the-art positron scattering 
experiments from the noble gases; neon, argon, krypton, and xenon, are not in as good 
an agreement below the positronium formation threshold, and the disagreement can be as 
high as 30 % [7- 9]. There are no other comparable case studies of low-energy scattering 
of positrons , from an atom or molecule , where there exists this level of accord between 
experiment and theory. 
In the case of the more mature field of electron scattering experiments, helium has 
provided a broad suite of data that can confidently be compared with state-of-the-art 
theories [99]. The level of agreement has been uniformly excellent across a range of energies 
and scattering processes and, as a result , has benefited and aided the development of 
experimental and theoretical techniques. In recent years a similar scenario has emerged 
in low-energy positron interactions where much experimental and theoretical progress 
has occurred in the investigation of the helium total elastic cross-section, as mentioned 
above. The next , and obvious, step in this process of comparison of experiment and 
theory is to consider angular differential cross sections (DCS) for elastic scattering. While 
grand total scattering cross sections can be measured with high absolute accuracy they 
do not necessarily provide the best platform for comparison with theory as they involve 
an integration over all scattering angles of the DCS. It is possible that quite different 
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DCS , when integrated; can lead to a value of the total cross section which lies within the 
"benchn1arki' error boundaries of state-of-the-art total scattering measurements. Thus , in 
principle , n1easuring absolute differential cross- ections provides a more rigorous test for 
benchmark theoretical models . 
The agreen1ent between theory and experiment , in the notoriously difficult region 
above positronium formation threshold ; has improved recently following ome significant 
theoretical and experimental developments [100]. In particular the developinent of the 
two-centre convergent close coupling ( CCC) approach [100] has seen a inuch improved 
level of agreement with experiment for the total scattering cro s section in this region ; 
over that previously provided by a single-centre CCC expansion [50]. 
The positron-atom scattering system provides experimentalists with the ability to 
study a number of discrete energy regions ·where the dynamics of the process are likely 
to be quite different. These regions include; below the P s formation threshold , where 
only elastic scattering is possible ; at and above the Ps threshold but below the first in-
elastic threshold ( the Ore gap) where Ps formation is the only other channel open; and 
above the threshold for inelastic ( excitation and ionization) processes . It continues to be 
a challenge for theorists to predict the interplay between two ( or more) open scattering 
channels, and the recent experiments on cusp formation ; in the total elastic cross section 
at t he P s threshold , de1nonstrate this quite clearly [7]. It is also a challenge to accurately 
calculat P s forn1ation as there are several centres of symmetry in the final state that have 
to be dealt with. The higher (int rmediate) energy range is also particularly interesting 
for positron-aton1 scattering because in many cases the combined cross-sections for P s 
forn1ation and ionization beco1ne appreciably larger t han the ela tic cross section and . as 
a re ult . cross channel ab orption effects n1ay 1nanifest themselves significantly. 
Low energy DCS measure1nent for positrons scattered by atoms were first performed 
on Argon by Coleman et al. [101 J. The only published DCS data for absolute elastic 
positron scattering fron1 helium is that of Chaplin et al. [102] who us d a Time-of-Flight 
(ToF ) technique at energies between .J0-80 e V. In the pres nt work we present absolute 
( ··folded ·· ) DCS at seYeral energies between 1 and 30 e V. where the folded nature was 
di cus ed in Chapter .J . 
5 .2 Ex p erimental Considerations 
The techniques u ~ed to detern1ine t he ela tic or angular differential cro s section were 
discussed in Chapter .J . and a fe,v of those considerations will be xpanded upon as they are 
of utn10 ~t in1portance in understanding the compari on between experiment and theory. 
The n1a.."'\:i1nun1 energy that can be tran ferred from E 11 to E J_ in an ela tic cattering 
e,·ent i the colli ion energy. Ee. ,,·hich corre pond to a cattering angle of 90° . Po itron 
scattered at 90° ha,·e infinit cattering path length (l) . ince hey remain tationar . 
orbiting about a fixed point in ide the cattering cell. Likewi e. the cattering path length 
are greatly increa -ed for tho e cattered near 90° . The e po itron will either undergo a 
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second scattering event which could include Ps formation , and thus loss fro1n the beam, 
if that channel is open. Using theoretical estimate of differential cross sections for the 
angular region near go0 shows that measurements above rv 80° may not be accurate. 
Figure 5.1 are the results of a Nionte Carlo simulations using theoretical Argon DCS at 
two energies which had markedly different angular dependences [38] . For a reasonably 
forward peaked DCS, the "measured" shape is approximately correct with only slight 
deviations at angles approaching go0 , whereas, for a relatively flat , or s-wave dominated 
DCS, the discrepancy is dran1atic. Positrons scattered into angles above about 75° appear 
to scatter a second ti1ne into 1nore forward angles thereby inflating the 1neasured forward 
angle scattering. The comparison between the two scattering probabilities (0.1 and 0.2) 
is distinguishable in the top panel, but not in the bottom panel and also appears to be 
DCS dependent or shape dependent. Of course, the density cannot be decreased to zero 
since the attenuation is proportional to that quantity, and is related to the obtainable 
uncertainty, as discussed in Chapter 4, so a compromise must be reached. 
Since Ps formation is a particle-loss process (in tenns of a magnetically confined 
positron bea1n) , we are able to 1neasure the elastic cross-section directly through the Ore 
gap region , up to 20.62 e Vin helium. For measure1nents above the first singlet excitation 
threshold (2 1 S at 20.62 e V) a field ratio, bet\veen the magnetic field at the SC and that 
at the RPA, is required to con1press the parallel energy loss or angular scattering below 
this threshold such that the two processes are separated, as explained in Chapter 4. The 
field ratio also increases the parallel energy distribution of the incident bea1n resulting 
in a degradation of the angular resolution and the 1ninimun1 forward angle which can be 
1neasured. The first electronic excitation in heliu1n is relatively high in energy, allowing 
a correspondingly small field ratio to be used to determine the angular scattering at 30 
e V , for exa1nple. Therefore , the degradation is s1nall and does not significantly affect the 
results in this case. 
Path Length 
The positron traverses the scattering cell in a helical path governed by the equations of 
1notion for a charged particle in a 1nagnetic field. This helical path can be related to the 
perpendicular and parallel energies through the gyroradius and conservation of energy, 
respectively. "\i\Then the grand total scattering cross section is calculated (in the integrated 
experiment), the path length is assumed to be the linear length of the scattering cell ( L ) or 
the length along the guiding 1nagnetic field because the field strength is large enough that 
the physical length of the scattering cell is n1uch larger than the gyroradius or r 9 << L. 
The bea1n defining aperture is 4.5 n1m and the scattering cell aperture is 5 1n1n so that 
even at perpendicular energies of 60 e V , positrons near the edge of the aperture radially 
will still be transmitted unless they scatter n1ore than once, vvhich will depend on the 
density and the value of the differential scattering cross section. 
Any alteration of the path length of the positrons through the scattering cell from 
the geometric length will alter the n1easurement of the absolute differential scattering 
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Figure 5.1: A figure fron1 Sullivan et al. [3 ] showing the results of l\!Ionte Carlo imulation for 
two different ela t ic differential scattering cross sections in Argon. The top panel (a) is a model 
DCS which has an appreciable magnitude near goo and bottom panel (b) is a model DCS which 
has littl rnagnitude near go 0 • The open circles are a scattering probability within the cell of 0.2 
and th closed circles are a scattering probability of 0.1. 
cross section from the true result . and is of particular importance if this alteration has 
an angular dependence. This was explored by Sullivan et al. [3 ] using a l\!Ionte Carlo 
sirnulation using a model DCS. A serie of mod 1 angular scattering cro ections was 
used to n1easur the eff ctive path length due to the angular scattering of the po itron 
fron1 a target . It was found that a nearly flat 1nodel DCS resulted in a izable correction 
to the path length. whereas. for forward peak angular scatt ring functions; this effect was 
sn1aller. see 5.2. These r sults demonstrate the difficulty in n1easuring differential angular 
scatt ring which is nearly con tant . as a function of scatt ring angle. 
5.3 Theoretical Considerations 
The present n1easuren1ents are compar d against a number of theoretical models including 
a t\Yo-c ntre convergent clo e coupling approach (CCC); a Kohn variational (KV) calcu-
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Fig ure 5. 2: J\!Ionte Carlo simulation investigating the increase in the path length fr0111 Sullivan 
et al. [38]. Effective path length for various total scattering probabilities: solid line; 0.05, dotted 
line; 0.1, dashed line; 0.2, and dot dot dashed line; 0.4. 
lation and a polarized orbital approach (POA). A short d·iscussion of these methods is 
contained in Chapter 2. The CCC and KV calculations have been described previously in 
the literature [98,100]. The elastic differential cross sections presented here using the POA 
were calculated using a non-relativistic polarized orbital method which is an extension of 
a previous POA calculation. In the original polarized orbital approach of JVIcEachran et 
al. [46], the static potential was calculated using the Hartree-Fock wave functions and an 
infinite nun1ber of 1nultipoles ·were included in the polarization potential. Here the static 
potential is calculated using the more accurate frozen-core extended Hartree-Fock proce-
dure and, since helium is not very polarizable, only the dipole and quadrupole polarization 
potentials are included. Furthermore, both these polarization potentials were scaled to 
yield the best values in the literature for the dipole and quadrupole polarizabilities, namely 
ad = 1.384 au and aq = 2.282 au. (The unscaled values of these polarizabilities are ad = 
1.322 au and aq = 2.326 au.). The CCC do not reproduce the experimental polarisabilities, 
with larger discrepancies than those observed in the POA results. These discrepancies are 
generally decreased or removed by including more states ·with high angular momentum [6] . 
J\1Iany versions of the CCC n1ethod have been used to obtain total and differential scat-
tering cross sections and, with the inclusion of 1nore configurations, and in particular the 
addition of the 1nulti-centre approach, con1es better agreement with experimental results 
and the very accurate low energy theoretical results of Humberston [98] . 
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5.4 R esults 
A series of elastic differential cro s sections were rneasured from 1. 7 to 30 e V , spanning 
fron1 the R-T rninimum to above the ionisation potential. The measurements include 
investigations near the positronium formation threshold and in the Ore gap. Comparison 
is rnade to the available theory with discrepancies discussed in terms of both experimental 
and theoretical limitations. 
B elow Positronium Formation 
Comparison between the present high-resolution measurements and the vanous folded 
calculations are reasonably good at all energies, but most particularly at energies b low 
10 eV , presented in figure 5.3 . At 1.7 eV, the position of the Ramsauer-Townsend mini1num 
in the total cross section, the folded DCS for the experiment and various calculations are 
all in reasonably good agreement wit h each other. However , the most recent , accurate 
measurements , solid black dots in figure 5.3, indicate a s1nall difference in the angular 
dependence at forward angles . 
The agreement between experiment and theory is nearly as good at an energy of 5 
e V , but some differences are evident at this energy. Available theoretical results [100, 103] 
both indicate that the DCS is nearly a constant between 80 and go0 whereas the current 
results tend to zero, which is consi tent with systematic affects effecting high scattering 
angles, as discussed previously 5.2 . 
As the energy increases further , the discrepancies between the theoretical and experi-
mental results become significant . Two different experimental results are shown in figure 
5.3 for 10 e V with the red data having a scattering percentage of 10 % and the black 
data having scattering percentage 3 %. These two results show markedly different energy 
dependence due to the loss of positrons at high angles rescattering into low angles, as 
discussed in §5 .2. Despite decreasing the scattering percentage in an attempt to eliminate 
this issue. agreement is still not obtained between experiment and theory. Both theoret-
ical results [100 . 103] have a minimum, but at very different scattering angles and due to 
experimental lin1itations, no d finitive preference for one of the two can be seen . 
The agreernent between results is much b tter at 15 eV , see figure 5.3. Whilst the 
cxperin1ental results tend to zero when approaching go0 , which implies an inflation of the 
forward angles. this appears to be a s1nall effect, and is consistent with §5. 2. It appears 
that both theories and the experin1ental results have a minimum between 30° and 40°. 
The agreen1ent at 15 c V is re1narkable considering the large discrepancies in the results 
at 10 e V since both 111easurements (in black) were taken with scattering percentage of 3 
%. This agrecn1ent between experimental results appear to be du to the more forward 
peaked shape of the DCS . as demon trated with the Ionte Carlo results of Sullivan et 
al. [3 ] in figure 5 .1. 
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Measurements in the Ore Gap 
The experin1ental elastic differential scattering cross section at th positroniun1 forrnation 
threshold is shown in figure 5.4, and compared to the theory of Utan1uratov et al. [100] . 
The two are in good agree1nent between 15 and 70 degrees. As with other DCS results, 
the experi1nental results tend to zero at high angles as discussed in §5 .2. The n1agnitude 
of the Ps fonnation cross section at threshold is zero and as a result, the loss of positrons 
that are scattered at high angles to P s forn1ation should be s1nall and instead they should 
rescatter to more forward angles as is the case below the Ps formation. This is evident by 
the 1neasurement of the DCS tending to zero as the scattering angle goes to 90 degr es, 
which is an indication of multiple scattering, as discussed in §5 .2. 
The experimental results for the elastic differential scattering cross section for two 
scattering energies in the Ore gap are shown in figure 5.4 fro1n [70]. The results at the 
threshold for P s formation are compared to a CCC [106] calculation, with reasonable 
agreement between the two results. The results at 20 e V are compared to CCC [106] and 
ROP [103] calculations. There are differences between the CCC and ROP results, as might 
be expected since the CCC calculations have included Ps formation channels whereas ROP 
does not , which is reflected in their reported GTCS. Reasonably good agreement is seen 
between the experimental and CCC results at 20 e V considering the same assumptions are 
applied previously, with regards to scattering at 90 d grees. Here, again, the measured 
DCS tends to zero as the scattering angle increases to 90 degrees . 
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Figure 5.4: Comparison of experimental and theoretical results for positron elast ic differential 
scattering from He. (a) at 17.76 eV: solid circles, experimental results fron1 Caradonna [70]; solid 
blue line. theoretical results of tamuratoY et al. [100] (CCC) . (b) at 20 eV: olid circles, exper-
imental results from Caradonna [70]: theoretical result · of 1IcEachran [103] (ROP ); t heoret ical 
results of Utamuratm· [106] (CCC). 
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Measurements Near Ionisation and Above 
Above the Ore gap, but below the direct ionisation threshold, the only scattering channels 
open are the elastic, positronium formation and the (singlet) electronic excitations. In 
order to measure the elastic DCS, a magnetic field ratio between the SC and the RPA 
must be used to compress the parallel energy loss such that elastic scattering is separated 
from the electronic excitation, as discussed previously in Chapter 4. For the DCS results 
at 24 e V shown in figure 5.5 a field ratio of 1.5 was used. At 24 e V, the sum of the 
first two electronic excitations in He (2 1 S and 2 1 P) is 9 % of the grand total scattering 
cross section [87]. The DCS results are compared to ROP calculations [103] and show 
general agreement from 30 to 75 degrees, but again, the measured DCS tends to zero as 
the scattering angle approaches 90 degrees , indicative of multiple scattering. 
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Figure 5.5: (a) Comparison of experimental and theoretical results for positron elastic differential 
scattering from He at 24 eV: solid red circles, experimental results from Caradonna [70]; dashed 
magenta line, theoretical results of McEachran et al. [103] (ROP) . (b) at 30 e V: solid black circles, 
current experimental results; solid red line , theoretical results of McEachran [103] (ROP). 
For measurements at 30 e V, a magnetic field ratio of 5 was used and the resulting 
differential scattering cross section is presented in figure 5.5. General agreement is seen 
between the experiment and theory, but the experimental results are more forward peaked 
and show lower values at higher angles. The roll off at high angle is the smallest in angular 
extent of any of those considered so far which is likely due to the fact that the DCS is 
more forward peaked , along with the low scattering percentage of 3 %. At 30 e V the 
Ps fonnation cross section is half of the grand total scattering cross section and thus 
the strongest open partial channel. Therefore, it is reasonable to assume that the Ps 
formation channel could have an influence on the elastic scattering channel. Recent work 
by lVIcEachran and Stauffer [10] has shown that the positronium formation channel has a 
marked effect on the forward scattering angles bringing their theoretical results into better 
agreement with the experin1ental results for Krypton and Xenon. Future theoretical work 
on the helium system will likely go at least part of the way towards rectifing the difference 
between the two results. 
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5.5 Discussion 
vVhile . there is some agreement between experiment and the various theoretical results 
in the ov rall shape of the differential cross section (DCS), discrepancies till xist. This 
is at least partly t he result of multiple scattering due to the scattering percentage being 
too high. These effects are evident at a scattering probability a low as 3 %, but also 
depend on the angular dependence of the DCS. However , there are so1ne energies where 
the experiment provides confirmation of new theoretical techniques in an energy region 
where calculation of the DCS is complicated by the positronium formation channel. It 
is clear that positronium formation strongly influences the elastic differential scattering 
cross section as evidenced by the large differences in the theoretical results, which do 
not include P s formation , at 20 e V, seen in figure 5.4. Here the results of CCC, which 
have included P s fonnation , more closely compare to the experimental results , despite the 
fact that the scattering percentage was too high, resulting in large discrepancies at high 
scattering angles . 
Phase-shift Analys is 
In principle the partial waves of a particular scattering event can be determined by fitting 
t he analytical form of the elastic differential scattering cross section to the experimental 
data, and thi is a goal of high-precision measurements of the lastic differential scattering 
cross section. This would allow projection to forward angles beyond the minimum angle 
disc rnible by the experimental apparatus , as well as providing an even more sensitive 
test of theory. One method involves fitting the experimental data using the partial-wave 
formalis1n, see Chapter 2, §2.5.1. This has previously been achieved for electron scattering 
fro1n atoms [107,108] . The nun1ber of angular data points from the measurements discuss d 
in this thesis are few. so only the first t hree terms, or partial waves , are considered , 
(5.1) 
A nonlin ar fitting procedure was used in an atte1npt to determine the amplit udes of 
the first three partial waves in equation 5.1. Higher partial-waves (fro1n l = 4 ... 10) were 
detern1ined nsing an approximate fonn of the phase-shifts from Fraser [109]. Th nonlin ar 
technique ,vas applied to the experimental results at a collision energy of 1. 7 e V. figure 
5.6 . but was found to be unstable under small changes of the input parameters yielding 
wildl:,- cliffercnt results . R cent work by l\ IcEachran et al. [103] has shown that the first 
three partial "-a,-es can . in principle . be extracted from the exp rimental elastic differential 
scatterino- cross section b:v considering the folded nature of the cross ·ection ; and allows 
the 1nethocl of least square · to be appli cl in cletennining the first three phase-. hifts . 
P artial-wave phase-shift ha,.-e been calculated by l\ IcE achran [103] and are plotted in 
figure 5.6 (a). A series of DCS n1easurements were taken at encrgi · where the phase-shifts 
are n1arkeclly different and are plotted ·with the a sociat cl ROP calculation in figure 5.6 
(b). The .s- and p-waYc pha ·e shift. ar changing significantly between the experi1nental 
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measurements, ·whereas the d- and f-wave phase shifts are nearly constant. While small 
differences in the measured DCS are observed, the experin1ental results are not sensitive 
to the differences displayed by the theoretical results. The variat ions in the experimental 
results are only just larger than the reported uncertainty and are unable to detect the 
change in the phase shift. 
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Figure 5. 6: Comparison of calculated phase shifts and measured elastic differential cross sections 
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[103] below 5 eV. (b) Comparison of current experimental (solid circles) DCS and theoretical DCS 
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5.6 Conclusion 
"\lie have shown that state-of-the-art experimental and theoretical results for elastic dif-
ferential scattering of positrons from helium are largely in agreement only when consid-
ering the systematic effects affecting the experin1ental data, particularly at lovv incident 
energie and at energies below the Ps formation threshold. Disagreements between exper-
iment and theory above the Ps formation threshold reflect the difficulty of incorporating 
the description of this process accurately in theoretical calculations, as evidenced by the 
large difference betvveen theoretical results , including and not including the Ps formation 
channel. The two-centre CCC calculations are in better agreement above the Ps forma-
tion threshold , whereas the ROP calculations, which do not consider Ps formation , are 
markedly different. Recently, addition of a model Ps formation channel to ROP calcula-
tions for Krypton and Xenon have shown the importance of incorporating this scattering 
channel in calculating the elastic differential scattering cross section. 
The experimental differential scattering cross sections reported in this thesis are unable 
to explore the angular dependence to sufficiently low angle and with sufficiently small 
uncertainty to definitely distinguish between the various theoretical results , except for one 
instance above the P s formation threshold at 15 e V. Overall the experimental results are in 
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the best agreement with the multi-centre CCC calculations both below and above the P s 
threshold. Despite the general agreen1ent these experi1nental results do no meet the goal 
of 'benchmarking· the elastic differential scattering cross section for the positron-helium 
system. The signature of multiple scattering is evident in all the experimental data to 
differing degrees even at a scattering percentage of 3 % within the scattering cell. Future 
measurements at low r scattering probabilities will be required to elucidate this issue, 
which will require longer acquisition time or higher positron flux. 
Chapter 6 
Search for Bound States in the 
Doubly Excited Helium System 
This chapter reviews the search for resonance structure due to the existence of a positron 
bound state in the doubly excited helium system. Recent theoretical work has suggested 
that positrons should bind to a number of helium doubly excited states . This chapter 
reviews the theoretical background of positron binding to atoms and provides the results 
of our experimental search for associated resonant structure due to those bound states. 
Extension of this work to other systems is discussed. 
6.1 Introduction 
Recent calculations by Bromley et al. [14] have indicated that the He(2s2 1Se) doubly-
excited state will bind a positron. The e+He(2s2 1Se) state has a predicted binding energy 
of 0.44 7 e V with respect to the He(2s2 1 se) state. Binding of a positron to the He 2s2 
state has been predicted to give rise to two resonances in positron scattering from ground 
state helium: e+He(2s2 1Se) at 57.3716 e V and a 2P 0 shape resonance just above the 
He(2s2 1Se) threshold at 57.8485 eV. To search for these predicted resonances , low-energy 
positron scattering experiments were performed to measure the grand total scattering 
and positronium fonnation cross sections in the energy region about the double-excitation 
state thresholds . 
Theoretical calculations have predicted that many different atoms are capable of bind-
ing a positron , to both the ground and electronically excited states of both atoms and 
molecules. For atomic systems , these states have binding energies ranging from 13 me V 
(e+Na) to 0.50 eV (e+Ca), but are unstable to positron-electron annihilation and therefore 
have short lifetimes [110]. Large Feshbach resonances have been observed in annihilation 
cross sections corresponding to the formation of positron-molecule bound states , provid-
ing strong evidence that such states also exist for 1nolecules [111] , but this has not been 
observed for positron-atom binding. 
Previous studies of low-energy positron scattering from atoms have yielded no resonant 
structure due to the existance of positron-atom bound states [112,113] . Early investiga-
tions have been performed with a relatively low resolution (.6.E > 0.5 eV) and low intensity 
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positron beams, with the result that narrow or w ak features in the cro s section wer 
likely to be undetectable. In more recent years, the en rgy resolution available for positron 
scattering experiments has been i1nproved significantly [7 4] but a high-resolution ( .6E rv 
25 meV) investigation of H2, N2, CO and Ar [114] found no sign of predicted quasi-bound 
states, or resonances, in particular as predicted for H2 in the total scattering cro s section. 
Here the attach1nent was predict d to manifest itself as a F shbach resonance. Th search 
in Ar was limited to the excitation thresholds of the 3p5 (2P 3; 2) 4s (J=l) and 3p5 (2P 1; 2) 
4s ( J = 1) states . No evidence was found for the existence of any resonances , and an upper 
li1nit on the resonance strength could be experimentally set at 6.3 a~meV [114]. 
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Figure 6.1: Dipole polarisability ad versu ionisation potential for transition metals from Dzuba et 
al. [59]. The horizontal dashed line indicates the transition between binding (above) a11d nonbinding 
(below) atom · predicted at a.cl = 40 a . u .. 
Positron-ato1n bound states with higher binding energies ar rnore suited to experi-
1nental stud:v. but nearly all the aton1s with high predicted binding energies are solids at 
roon1 tcn1peraturc. For exa1nple . so1ne of the most pro1nising candidate for the xperi-
n1cntal search for positron-aton1 binding are op n-sh 11 transition 1netals ( e.g. Fe, Co, i) 
clue to their high dipole polarizabilities and moderate ionisation potentials [59, 110], se 
figure 6.1 . Since single scattering positron exp ri1nents must use gaseou targ ts, atoms 
such as these transition 1nctals provide an xp rin1ental chall nge con1pared to the bulk 
of pre,·ious positron scattering studies. However. po itron binding to xcited state of 
gaseous targets provide · a new area to be explored . 
The currents arch wa n1otivatccl by recent calculation perforn1ed for positron binding 
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to the helium doubly-excited states [14]. In their paper , Bro1nley et al. note the similarities 
in energetics of the doubly excited state(s) of helium to the ground state of the Nig ion , 
suggesting the likelihood that these state( s) can bind a positron. They also point out the 
si1nilarity between the dipole polarisability ( ad) of the He 2s2 (76.2 a~) and Nig 3s2 (71.3 
a~) states. Positron binding was found to be possible for model alkali atoms with dipole 
polarisabilites greater than 23.5 a~ [110]. The current study explores the region about two 
of the predicted resonant positions; the bound state of e+ He (2s2 1Se) and the 2P O shape 
resonance just above the He(2s2 1Se) state energy. v\ e report on the measurement of total 
and positroniun1 (Ps) formation cross sections in these regions . 
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Figure 6.2: The static (top) and polarisation (botton1) potentials and their corresponding 
positron-aton1 configurat ion . adapted fron1 [115]. 
6.2 Theoretical Description 
At first glance it n1ay eem counter intuitive that a positron can bind to a neutral ato1n 
and this is true for the static case. But if he positron is in motion or is moved closer to the 
aton1. it can polarise the ato1n and it is this polarisation potential that is the n1echanism for 
binding. For example: figure 6.2 shows both the sta ic and polarisation potentials. In the 
sta ic ca e the in eraction i con1ple el - repulsive: but when the atom is polarised due to 
the presence of the posit i el charged positron. a minimun1 in the potential appears which 
po ent ia.lh allows for binding. s he complexit} or number of electronic configurations of 
he ta.rge increa es : so oo does the complexit-\ of the ca.lcula ions required o determine 
if a posi ron can bind o an a om. The general requirements for posi ron binding or the 
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formation of positronic atoms have been detern1ined in terms of the physical paramet ers 
detern1ined from t he electronic configuration of the atom. A review of these require1nents 
allows for the revi vv of trends in positron binding to atoms. 
Positron binding to a neutral atom has been described in two po sible regimes and 
binding can be considered as a linear co1nbination of th two possibilities . The wave 
function describing the bound state or positronic atom can be described heuristically 
[11,54), 
w = acJJ(atom)cp(e+) + bD(atom+)w(Ps) , (6 .1 ) 
where th two terms are used to describe the two possible configurations. The incident 
positron polarises the atom and binding can occur via the polarisation potential and 
t he unitary charge of the positron. This is si1nilar to the mechanis1n for the binding of 
an electron to form a negative ion [35] where the electron displaces th electron cloud 
to 'see' the positively charged core, thus providing an attractive potential for binding. 
Alternatively, the positron can ionise the atom in the process of forming positronium and 
t he resultant positronium and the residual ion can bind via a similar minimum in the 
polarisation potential. Each of these types of binding are highly target dependent , but the 
general criterion for binding can be described in terms of the atomic ionisation potential 
(IP ) and the positronium binding energy of 6.8 eV (or 0.250 Hartrees). 
Case 1. 
E( atom+) -
6.80 eV 
IP 
E(Ps) 
f .r. E(atom) 
~~~--- E(atom-e+) Bound 
Case 2. 
Bound 
E(Ps) 
E(atom-e +) 
Figure 6.3: Schematic energy le\·els for the two binding case · from [115), ee text for further 
details. 
A schematic energy level diagran1 of each case is shown in figure 6.3. Ca e 1 is th 
configuration in ,Yhich the ionistaion potential i larger than the P · binding en rgy and a 
positron will bind to the a 01n ten1porarily if the binding energy i b low th ground tate 
energy of th aton1. Case 2 is the configuration in which the ionisation pot ntial is smaller 
than the P binding energy and a Ps cluster binds to t he residual atomic ion if the bound 
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state energy is lower than the difference between the IP and 6.80 e V. There exists a third 
case in which the aton1ic target is excited . replacing the ground state aton1 in case 1 and 
2. such that the binding is detennined with reference to the excited state energy [116]. 
These tates pro, ide a 1nanifold of possible bound states: but if we constrain our elves to 
the case of the two electron aton1, heliun1: the first possibility is the lowest doubly excited 
state or He(2 2 ). 
Figure 6.4 fron1 Bromle) et al. [14] is an energJ -level diagram co1nparing the doubly 
excited tates of heliun1 to the helium negative ion states: and those of the calculated 
positron bound states. As can be seen from the energy level diagram: the po itronic 
complexe a.re lo" er in energy than the corresponding neutral excited state energy thus 
indicating that the states are bound . Considering the description above, note that the 
bound state a.re lower than the energy of formation of positroniun1 from the excited 
heliun1 aton1 or put another v.ray, the fonnation of Ps fron1 the exci ed helium ion (He+ 
2 ion). Thu any atoniic target which has excited state which exist more than 6.80 
e below the exci ed ionic threshold could support binding. A these positron bound 
tates are iniilar to negati e ion states; the observation of negati, e ion resonance with 
the appropriate configuration for positron binding would strongly in1ply the possibility 
hat the y te1n upports po itron binding. The siniilarity to negative ion resonances also 
ugge s the ize of corresponding negative ion resonances should provide a guide for the 
expected ize of the resonance featw·e in posi ron scattering. 
A -.-ariety of excited state have been investigated theoreticall) ·which support a po itron-
aton1 bound tate. Positron binding to excited tates has been predicted for He. Li : Cd. 
Be [13.1-1.116]. A ub et of thee tate are sho"-u in figw·e 6.5: from Bromley et al. [116]. 
including the 111odel alkali ground tate ato1n which is the comparison generally made 
to pecific target ground tate and/ or excited tates. Figure 6.5 hows the theoretical 
positron-aton1 binding energie -.-er us the parent atoniic ionisation energy [110]. The solid 
circles "-ere detern1ined using SV~I. the olid diai11ond "-ere detennined using Clpol-ba es. 
and the olid triangle are re ult of other calculations. The dashed line is a 1nodel 1 se 
e--alkali aton1 -.- te1n [11]. 
6.3 Search for Bound States 
The earch for resonant tructure requiTe the re onant trength to be quantified in so1ne 
manner. Thi i con,-enient for etting detection limit on calculated or po tulated re -
onance tructme. Energy re olution and tati tical uncertaintie liniit the en iti,-ity of 
the e 1neasw·ement to re onance in the cro ection . The upper bound on the re onance 
trengih can be e timated (95 o/c confidence le,-el) (3-1] by 
(6.2 ) 
where Er i the energy "idth (F\\n~I) of the re onance. O" r 1 the magnitude of the 
re onant ro ection. Eb i the energy "idth (F\\n~I) of the po itron beam. and O"r m i 
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Figure 6.4: Energy level diagran1 from Bromley et al. [14) showing the doubly excited states of 
helium and the states with an attached pcsit ron. Con1parison is also 111ade to the state · of the 
helium negative ion. 
the statistical uncertainty ( one standard deviation) of the cros section data. This a sumes 
that the resonance structure is Gaussian or a sy1nmetric peak in the cross s ction. 
l\ I asurements were made of the grand total and positroniun1 cross s ctions at energies 
around the two predicted resonance positions: 57.3716 eV (for e+ H (2s2 1Se) ) and just 
above the He(2s2 1Se) threshold of 57. 8485 eV (for the 2P 0 hape resonance) [14]. The 
energy step size in the 1neasuren1ent wa 20 me V and th parallel energy width was 60 
111c V. Figures 6. 6 and 6. 7 show the present r sul ts for both energy region . The statistical 
uncertainties in figure 6.6 range fron1 0.7 % (grand total) to 3.1 % (P s), and in figure 6. 7 
fron1 1.3 % (grand total) to 6.4 % (P ) . No resonant features are observed in these cros 
sections with this energy resolution and thes stati t ical uncertainties . 
Using equation 6.2 it is possible to place an upp r bound on the resonance strength at 
each of these energies. For the predict d +He( 2 ·2 1 se) resonance the upper bound is 1.14 
A 2 n1e V for the grand tot al and 1.12 A 2 me V for the P cross section . For the predicted 
2 P 0 shape re onance this is 2.06 A 2 n1e V for th grand total and 2.0 A 21ne V for the P s 
cross section. The e upper bounds are su1nmari ed in table 6.1. 
Based on previous n1ea uren1cnts of electron resonanc s in thi energy region , Bron1ley 
et al. [14] co1npared po. itron attach1nent to the case of electron attachn1 nt , ugg sting 
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is a n1odel 1Se e+ -alkali aton1 y te1n [116] and references therein. 
Table 6.1: Sumn1ary of Re onance Searches 
Energy Range ( e V) Cross Section Upper Bound on Resonance Strength (A 21ne V) 
57 .23 - 57.63 
57.62 - 5 .16 
Grand Total 
Ps 
Grand Total 
1.14 
1.12 
2.06 
Ps 2.0 
these positron bound states are detectable. sing a, ailable experin1ental and theoretical 
result we calculated the expected resonance strength. The 111agnitude of the observed 
electron re onance in the ion} ield for the He(2 2 1Se) state wa determined to be 0. % of 
he total ion current b} Quen1ener et al. [117]. sing the result of Fro1nn1e et al. [112). for 
ionisation of helium b} po i ron in1pact: \\rho predict the magnitude of the ionisation cro s 
ec ion in thi energy region to be 0.3 2 . we can determine an approxin1ate resonance 
rength of 0.21 21ne using equation 6.2. Thi resonance strength i more than 5 tin1e 
1naller han our upper li1nit for 1nea uren1ent of the total and positronium forn1ation 
cro ections about the He(2 2 1Se) tate energv. 
The inlilari v of he e1nporar r negative ion to temporary po itron bound tates. 
in the lo e doubl exci ed tate of helium. begs the que tion of whether or not the 
higher-1 ring doubl} -excited tate can support uch bound tate . In principle. imilar 
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configurations occur in all the noble gases and negative ion resonances are observed , thus 
te1nporary binding of positrons to doubly-excited state in the series of noble gases should 
exist. However, the strength of negative ion resonance features as a percentage of th 
grand total scattering cross section decreases as the excited state energy approaches the 
ionisation lin1it. Therefore, these potential temporary bound states are likely to r sult in 
resonances which are even sm aller in magnitude than for the lowest excited state, pushing 
then1 farther away fron1 the d tection lirnit of this type of experirnental search . 
6. 4 Conclusion 
In conclusion, n1easurements of the grand total and positroniurn fonnation cross sections 
for He have been made in two different energy regions to search for resonances associated 
with t he He 2s2 state . vVhilst no clear resonances were observed , upper bounds have 
been placed on the strength of these resonances ranging fro1n 1.12 to 2.08 A21neV. This 
suggests that these resonances are either too narrow or too ·weak to d tect with the current 
experi1nental arrange1nent and technique. It is possible that these re onances would be 
n1ore pronounced in a different partial cross section ( e.g . annihilation, direct ionisation , 
or electronic excitation) warranting further study in the future as experi1nental techniques 
1n1prove. 
The addit ion of excited state binding of positrons to ato1ns adds another series of pos-
sible targets in which verification of our theoretical understanding can be test d. These 
targets are much n1ore readily accessible experimentally due to the target atoms being 
gaseous at roon1 te1nperature, but the 1nagnitude of t he resonances associated with bind-
ing is still in question . As has been seen with this study, and the in1plication from the 
sin1ilarities with resonances related to ten1porary negative ion states, these re onance 
structures are most likely fractions of a p rcent of the grand total scattering cro s ection. 
As experin1ents are only now becoming possible with uncertaintie down to single-digit 
percentages. only upper lin1it will lik ly be set until another 1neans of detection is un-
dertaken, such as the n1easur ment of the annihilation rate as a function of the incident 
energ)· as is the case of 111easuren1ents for positron interaction with molecule [11 ] . 
Positron Scattering from 
Molecular Hydrogen 
Chapter 7 
This chapter presents experimental total and partial cross sections for positron scattering 
from H2. The total scattering and positronium formation cross sections are reported 
between 0.5 and 200 e V. Total elastic and inelastic scattering cross sections are reported for 
energies between the positronium formation threshold and 50 e V. The elastic differential 
scattering cross sections are reported at 1, 3, 5, 7 and 10 e V. Previous results, both 
experimental and theoretical, are compared to these results , with particular attention 
paid to the region below the positronium formation threshold. Systematic effects in both 
the present and previous results are discussed in the context of the observed discrepancies 
in experimental results. 
7.1 Introduction 
1olecular hydrogen is the simplest neutral molecule and it has been extensively studied 
in a range of lepton collisions, but the results for positron scattering from H2 are still 
incomplete in comparison to the electron. An example of this is the lack of scattering 
information for rotational excitation, and only limited data for vibrational [119] and elec-
tronic excitation [34] processes. This is largely due to the historically limited availability 
of high resolution positron beams, with the concomitant difficulty in resolving discrete 
partial cross sections. 
It has been 40 years since Coleman et al. and Hoffman et al. [120, 121] published 
the first low-energy total cross sections for positron-H2 scattering. Since then, there have 
been a number of experimental and theoretical results. At energies above the positronium 
fonnation threshold there is general agreement in both the magnitude and energy depen-
dence of the total cross section on the experimental side within the stated uncertainty, if 
not for the limited number of theoretical calculations available. Below the positronium 
threshold , this is not the case. In this energy region there are a broad range of reported 
results, both experimental and theoretical, which are in apparent disagreement with each 
other , with the recent results of the Trento group [122] noticeably higher than any other 
calculation or measurement. 
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Fig ure 7.1: A comparison of the available experimental and theoretical results preceding the 
current results for the grand total scattering cross section ( u ere s) of positrons from n1olecular 
hydrogen (H2). Experin1ental data: black points, Zecca et al. [122]; red points , Hoffman et al. [121]; 
magenta points, Charlton et al. [123]; green points, Sullivan et al. [114]; blue points , Zhou et 
al. [124], t heoretical data: solid red line, Gibson et al. [125]; solid green line, Armour et al. [126]; 
solid blue line, Reid et al. [15]; solid magenta line , Arretche et al. [17]; dashed red line , Niukh rj ee 
et al. [1 27]; dashed green line, Danby et al . [18], dashed blue line , Gianturco et al. [12 ]. Th 
vertical dashed line indicates t he threshold energy for the forn1ation of po itroniun1 at .643 eV. 
Figure 7 .1 shows the state of theoretical and experimental results for the total scatter-
ing cross section for positron-H2 scattering before the present 1n asurements w re made, 
including a range of theory and experiment [15 , 17 , 1 , 114, 123- 128). It does not incorporat 
our present 111easure1nents or the very recent Convergent-Closed-Coupling ( CCC) th ory 
of Zan1n1it et al. [16). The observed discrepancies in this figure, betwe n both theory and 
expcrin1ent . were a significant 1notivation for the current study. A notable point , in th 
case of the previous experin1ental data. is that each experi1nent has differing angular ac-
ceptance of scattered po itron . with the Trento apparatus having the best discrimination 
against forward scattered positrons of those experi1nents presented in figur 7.1. This is 
the likel~· sourc of 111uch of the observed discrepancy, as explain d in a previou Chapter 
-J. 
\Yhen a positron with incident energy in the range of 0-200 e V collide with a H2 
11101 cule a nun1ber of proces e 1nay occur. In the present erie of experiment , we have 
focu 'eel on 111easuren1ent of the grand total, total positroniun1 formation and total in-
elastic scattering cross sections . As explained in Chapter 4 the experi1nent was unable to 
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discriminate between elastic scattering and vibrational or rotational excitation. However, 
the quasi-elastic (i .e. summed over vibrational and rotational excitation) total and angular 
differential positron scattering cross section was measured up to 50 e V. These results pro-
vide absolute scattering cross sections which can be used in models of positron transport, 
or in detailed comparisons with state-of-the-art quantum scattering calculations. 
7.2 Results 
7.2.1 Grand Total Scattering Cross Section 
The total scattering results below 10 e V are shown in figure 7.2. The figure compares 
the current experimental results with selected previous work, including the experimental 
data of the Trento Group [122), the theoretical results of Reid et al. [15), along with 
the most recent results of Zhang et al. [63), Tenfen et al. [129] and Zammit et al. [16]. 
The total cross section with estimated corrections for the missing angular range is shown 
using the calculations of Reid et al. [15] as discussed in Chapter 4. The results appear 
larger in magnitude than all previous work, even that of the Trento group, which was far 
larger in magnitude than all previous experimental data (see figure 7.1). The experimental 
results in figure 7.1 have far worse angular resolution, for instance Hoffman et al. [121] 
reported a minimum angle of 25 degrees at 5 eV, Charlton et a_l. [123] reported minimum 
angle of 20 degrees and Zhou et al. [124] reported a minimum angle of 24 degrees at 20 
e V. The angular resolution for the present measurements was considerably better than 
all previous experimental work ( see table 7 .1) , and this likely accounts for most of the 
apparent differences in the results . The comparison with the Trento data shown in the 
figure is also consistent with comparisons of recent measurements [92, 130,131]. 
In this energy range, the experimental data lies higher in magnitude than all the 
theoretical calculations shown in figure 7.2 , as well as the other theories shown in figure 
7 .1. The reasons for this are less clear , as the calculations have none of the angular 
resolution difficulties that are seen in the case of experiment and thus should be higher 
than the reported experimental values. For the most part the theories represent the relative 
shape of the cross section reasonably well, while underestimating the magnitude. In the 
case of Reid et al., an increase in the cross section at energies above 7 e V is due to the 
method used to incorporate the positronium formation channel. Here the Ps channel was 
considered to be an inelastic scattering channel, such as ionisation or electronic excitation , 
with a threshold energy of the average of the the Ps threshold and dissociation. One 
obvious consideration in the comparison with theory is that the calculations do not take 
into account vibrational and rotational excitation, with all calculations being performed 
with a fixed internuclear distance of 1.4 a0 . The effect of the internuclear separation 
will be discussed in 7.3. Both vibrational and rotational excitation are included in the 
experi1nental data and it may be that including these processes in theoretical calculations 
will improve the agreement . However, given the magnitude of the vibrational excitation 
measured by Sullivan et al. [119), and reasonable estimates of the rotational excitation, it 
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Fig ure 7.2: Experimental and t heoretical results for t he t otal cross section below the ionization 
t hreshold . Experimental result s: solid red circles, current results; solid black circles, angular 
correction applied , see text; open circles, Trent o results [122]. Theoretical results : solid blue line, 
Reid et al. [15]; solid black line, Zhang et al. [63]; and dashed red line, Zammit et al. [16]. 
is unlikely that this can account for all of the difference between experiment and t h ory 
in this case . 
The comparison of the current results with previous work up t o energies of 200 e V is 
shown in figur 7.3 . At energies above t he positroniurn formation t hreshold , the variou 
experi1nental results converge, with no difference within the st ated errors of t he n1easure-
1nents. This is consistent with previous observations t hat diff rence in angular resolut ion 
beco1ne less i1nportant as t he scat tering energy increases. The peak of the total cros 
section around 25 e V corresponds to the maximun1 of the posit ronium formation cross 
section (7.2.2). The co1n parison between experiment and t heory is also very good in thi 
energy range . with the calculations lying perhaps a lit tle lower than t he measurements at 
Table 7 .1 : rdissing forward angles for this xperimental work estimated usmg the theoretical 
results of Reid et al. [15]. sc text for discussion. 
E (eV) Be (0 ) % Ii 111g 
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energies above 50 e V . The underestirnation of the 1nost recent theoretical results of Za1n-
1nit et al. [16] below 30 e V will likely be resolved as understanding of how the positronium 
forn1ation channel couples to the elastic scattering channel, and in particular the role of 
virtual positronium states, is in1proved. 
7.2.2 Positronium Formation 
The positronium formation cross section is shown in figure 7.4 , where we see a reasonable 
agreement between the present results and those of previous investigators [124, 132,133]. 
The re ults show the positronium formation cross section is a smoothly varying function 
over the range of investigation which is typical of the energy dependence seen in previous 
111easurements of other diato1nic 1nolecular targets [42]. It rises to a peak at rv 25 e V 
and then falls away as the ionization channel opens, falling to essentially zero by 150 e V. 
Theoretical results for the positronium fonnation cross section are included in figure 7.4 . 
We see general agree1nent with a coupled-state calculation of Biswas et al. [135] at energies 
below 80 e V . Above 50 e V , a si1nplified second-order perturbative Born series was used 
by Biswas et al. [134], but theory and experiment do not converge until approximately 
70 e V. Unfortunately, few theoretical results are available for the positronium fonnation 
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channel due to the difficulty in treating the 111ulti-centre nature of the scattering problem. 
as discussed in Chapter 2. requiring 111ore extensive theoretical investigation . 
7 .2.3 Elastic Differential Cross Section 
The qua i-elastic ( sun1n1ed over rotations and vibrations) differential cross section (DCS) 
,,·a , 111easurecl at energies of 1. 3. 7 and 10 e V. '.Ve also note here that there has been 
one pre,·iou 111easuren1ent of the elastic differential cross section for positron catt ring 
fron1 n1olecular h)·drogen by Sulli,·an et al. [3 ] . although thi was at 0.5 e V. and thu 
belo,Y th range of energies con idered in this \York. Figure 7.5 compares the current 
experin1ental re ult s ,Yith those fron1 available theory [15. 16. 63 . 66 . 125.129). Comparison 
of the experi1n ntal and theoretical re ults ho\\· general agree111ent in angular dependenc 
but . a ,Ya the ca e ,Yith the total cro s ection . the n1agnit ude i ignificant ly diff rent. 
,Yith the experin1ental re ult being larger and 111or fonYard peaked in all case . The 
re ~u1t - of Reid et al. [15) are in be t agreen1ent with the experimental re ult in term 
of the angular dependence. but the 111agnitude i differen by a factor of almost three. 
and thi · factor is nearly con tant oYer the range of en rgie cover d b · he exp rim ntal 
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results. This agreement in shape was the basis for using these results to estimate the 
missing contribution of the forward angle scattering to the total cross section as discussed 
in Chapter 4. The recent CCC results from Zammit et al. [16] obtain better agreement in 
magnitude across the experimental results, which is again represented in the comparison 
at the total cross section level. Ot her theories have varying degrees of agreement in terms 
of the shape of t he DCS, but are much smaller in magnit ude than t he experimental data. 
One major difference between the experirnents in t his case, and the t heoretical approaches, 
is the inclusion of vibrational and rotational excitation in the experimental data. This may 
account for some of t he difference in observed magnitude, although previous measure1nents 
of the vibrational total cross section [119] suggest t hat t his is at most only 10 % of the total 
scattering in t his energy range, and t hus not enough to make up for all of the differences 
in theory and experiment . 
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7 .2 .4 E last ic Total Cross Section 
Th results for the elastic. or quasi- lastic due to the presence of vibrational xcitation , 
total scattering cro s section above . 2 e V are shown in figure 7. 6. In the case of this 
n1 asuren1ent, the angular resolution problem described above ha a larger effect . i. e. 
111ore of the forward angle distribution is 1nissed when compared to the total cross section . 
This is due to the 111agnetic field ratio technique used to separate elastic from inelastic 
scattering as discus ed in Chapter 4. As a result , at energies above the first electronic 
excitation, the 1nea ured elastic scattering does not appear to match to the total cross 
section below the threshold, as can be seen in figure 7.6. Nonetheless , we can make a 
con1parison with the calculation of the elastic cross section by Zammit et al. [16] above 
the positronium formation thre hold . vVithin the error of the experimental measurement , 
agreen1ent with the calculation is good, although the effect of the 1nissing forward angles 
is likely to 1nake the co1nparison less favourable. On the other hand , the fact that the 
111easur 1nGnt also includes contributions fro1n vibrational and rotational excitation would 
tend to raise the value of the cross section, and these effects will tend to cancel each other. 
It appears that the energy dependence of the cross section is a little different between 
theory and experin1ent , with a steeper decline as energy increases in the theory, although 
given t he size of the error bars it is difficult to be conclusive. 
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7. 2. 5 Total Inelastic Cross Section 
Figure 7.7 shows a comparison of the total inelastic cross section, which is the sum of 
inelastic scattering channels (for example electronic excitation, single and double ioniza-
tion, but excluding rotation and vibrational excitation and positronium formation) , up to 
50 e V. We also compare this data with previous theoretical ionization and experimental 
electronic excitation results below 50 e V. Sullivan et al. [34] measured the cross section 
for the B 1 ~ electronic excitation up to 30 e V, which is included in the figure. The theo-
retical ionization results of Campeanu et al. [136], and experimental results of Fro1nme et 
al. [132] and l\!Ioxom et al. [137], have been added for a general comparison. The current 
results are a sum of all inelastic scattering channels and should be larger than any single 
partial cross section, which is consistent with what is observed in figure 7.7. However, the 
magnitude of the total inelastic cross section presented here is substantially larger than 
any of the other results , even at 50 e V where it might be expected that ionisation is the 
dominant inelastic process. Given fair agreement between the two experiments and the 
theory for this process at 50 e V, it may be possible that a significant part of this total 
inelastic cross section arises from electronic excitations ( other than the B 1 ~ state), or 
even fragmentation . Further studies of the relevant partial cross sections would be useful 
to try and resolve this apparent discrepancy. 
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7.3 Discussion 
The role of the internuclear separation and the ro-vibrational n1otion of the 1nolecul 1s 
likely to play a critical role in the convergence of theory and experiment at low scattering 
energies. Recall that the vibrational excitation cross section is non-zero even at 5 e V and 
may couple to the elastic channel. A simple example of how th scattering length is effected 
by changing the internuclear separation is shown in figure 7.8. Figure 7.8 is a plot of the 
scattering length as a function of internuclear separation from Zhang et al. [13 ] with the 
mean value of R used in the most recent calculations by Zamn1it et al. [16] indicated. 
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Figure 7.8: Calculation of the scattering length for a number of internuclear separations from 
Zhang et al. [138] . The vertical blue dashed line indicates the 1nean value of the internuclear 
separation used in calculations. 
7.4 Conclusion 
vVc have reported 1neasuren1ents of a number of total and partial cross sections for positron 
scattering from H2. Co1nparison between the present experiment and the other recently 
published experimental data shows excellent agree1nent : with observed differences largely 
explained by a consideration of the differences in forward angle discri1nination. The avail-
able theoretical results for t he total cross section. however. are significantly differ nt in 
n1agnitude at low energies to t he experi1nental data. This differ nee is in part du to 
the inclusion of vibrational and rotational catt ering in the xperiments, but not the cal-
culations . although this is unlikely to account for all of the difference· . How ver, the 
inclusion of a variat ion in the internuclear eparation into calculations may provide som 
insight . The n1easured positronium formation cross ection is in good agreement with 
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previous work, including one of the calculations reported by Biswas et al. [135). We have 
also reported the total inelastic scattering cross section which appears to indicate son1e 
discrepancies when considering previous work on total inelastic measurements , but may 
be explained by the fact that unmeasured ( or calculated) processes such as electronic ex-
citation have a larger magnitude than may be initially assumed. Given the discrepancies 
observed, there is clearly scope for further detailed studies of positron scattering fro1n 
molecular hydrogen, particularly as this represents the simplest molecular target readily 
available for comparison between experiment and theory. Understanding and benchmark-
ing of simple systems such as this is crucial for further developing a detailed understanding 
of low energy positron scattering. 
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Search for Threshold Cusps 
Molecular Targets 
Chapter 8 
• Ill 
This chapter presents a search for features in the quasi-elastic scattering cross section due 
to the opening of the positronium formation in positron-molecule scattering. The theo-
retical description of a cusp was developed for nuclear scattering and is briefly reviewed. 
Comparisons are made to previous experimental results for positron scattering showing 
channel coupling in positron-atom scattering. A review of the results and discussion of the 
relevant scattering channels is presented, along with comparisons to electron scattering. 
8.1 Introduction 
Channel coupling, in the form of cusps, in elastic scattering channels at the opening of 
an inelastic scattering channel was first described by Wigner [139]. This original work 
was inspired by nuclear scattering scattering experiments in which cusps occurred in the 
elastic scattering channel due to the onset of a new production channel. A similar case 
exists in positron scattering at the onset of the positronium (Ps) formation channel as 
reported by Jones et al. [20] and discussed in Chapter 2. Signatures of channel coupling 
are commonly found in electron scattering in the form of Wigner cusps in the elastic 
scattering cross section, due to the onset of a strong inelastic scattering channel [19]. 
In positron scattering, the positron formation channel is the analogous strong scattering 
channel. 
The first search for a cusp feature in the region of the Ps formation threshold was 
undertaken by Campeanu et al. [140]. An approximate elastic scattering cross section was 
determined by subtracting a Ps formation cross section measurement from a measurement 
of the grand total ·scattering cross section. This resulted in a total elastic scattering cross 
section, which had an apparent cusp at the Ps formation threshold , and dropping by 
nearly 20 % before the threshold of the first electronic excitation at 20.62 e V. An early 
experimental search for a cusp in the elastic scattering cross section for positron scattering 
helium about the positronium formation threshold energy was undertaken by Coleman et 
al. [141 J. In these measurements , the predicted decrease in the elastic scattering cross 
section across the Ore gap was not observed, but a cusp could not be ruled out due to the 
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resolution lin1itations of the experirnental apparatus . 
A theoretical explorat ion of the elastic scattering cross section , for positron scattering 
for noble gases other than helium, was undertaken by Nieyerhof and Laricchia [142] us-
ing the R-Niatrix approach. These results indicated the presence of a cusp in the elastic 
scattering cross section at the P s fonnation threshold for neon through to xenon. The-
oretical work, using the Kohn variational method , was undertaken by Van Reeth and 
Humber ton [143] for positron scatt ering from heliu1n and atomic hydrogen in an att mpt 
to reproduce the results of Campeanu et al. [140] and detennine the magnitude for co1n-
parison to the experimental results of Coleman et al. [141]. They found a s1nall cusp in 
the elastic scattering channel for positron scattering from helium and atomic hydrogen. 
The calculated cusp in the elastic scattering cross section was due to the onset of the 
positronium fonnation channel , but had a different energy dependence than that reported 
by Coleman et al .. 
The results of Jones et al. [20], showed distinct cusp features in the elastic scattering 
cross section for positron scattering fro1n a range of noble gases . Figure 8.1 shows a co1n-
parison fro1n Jones et al. of the various cusp measurements in helium and the calculation 
from Van Reeth and Hu1nberston. The results of Coleman et al. and J on s et al. share the 
same energy dependence below 20 e V , but are in contrast to the theoretical calculations. 
1 o other theoretical calculations have attempted to tackle this difficult scattering proble1n 
as discussed in Chapter 2. 
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Figure 8 .1 : Comparison of experin1ental results about the positronium formation thr hold taken 
from Jon s et al. [20] for po itrons elastically scattered from heliurn: solid circles, experimental 
results fron1 Jones et al.: open dian1ond , exp rimental results from Karwasz et al. [144] : open 
squares . experimental results from Colen1an et al. [141] and the blue line are theoretical results 
from Van Reeth and Hun1berston [1 ~13] . 
The results of J ones et al. [20] de111onstrat that the nobles gases, helium thru to 
xenon. all show a cu p feature c ntered about the positronium fonnation threshold energy 
in the elastic scattering cross section. The eries of Wigner cusps in the noble ga e appear 
Lorentzian in shape . but no trend was found in magnitude of th cu p but th width 
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of the cusps were all nearly the same, leaving the question of the dominant mechanisms 
open. In an effort to elucidate this problem, a search for cusp features due to the onset of 
positronium was undertaken for a series of molecules isoelectronic with helium (H2) and 
neon ( H 2 0, NH 3 and CH 4). l\!Iolecules have additional degrees of freedom due to the 
their structure resulting in additional scattering channels, vibrational for example, which 
are open at the Ps formation threshold, discussed in Chapter 2. The molecular targets in 
this search range from linear (H2) and progress to effectively spherical (CH4). 
8.2 The -Wigner Cusp 
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Figure 8.2: The family of cusps from Eyb and Hoffmann [19]. 
Wigner produced a formalism which describes the shape of the scattering cross sec-
tion about the threshold of a new production channel. This formalism can be used , for 
example, to describe the case of electron scattering and has been reviewed in a number of 
publications [19,145]. A cusp feature can occur in the elastic scattering cross section due 
to the strong opening of an inelastic scattering channel. This cusp has both angular and 
energy dependence [19]. The differential scattering cross section can be written, see also 
section 2, 
{ 
sin(2c5o - a) 
c5(8 , E) = lft(8)l 2 - Ao lft(B)I IE - Et l1/ 2 
cos(2c5o - a) 
E > Et , 
E < Et, 
(8.1) 
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X 
ft=~ "\:"' (2l + l)(e2 ibt - l)Pl(co 8) . 
2i k G 
t l=O 
( .2) 
1 the sea ttering an1pli tude at the threshold energy, Et . kt is the corresponding wave 
nun1ber. r51 is the pha e shift for angular mo111enturn l . and Pl are the Legendre polynomials . 
The econd tern1 in equation .1 describe the interaction of the elastic and in lastic 
channels about the threshold energy. Et . The amplitude of the coupling is defined by the 
po iti,·e con tant . .A0 . 50 is the phase shift of the s partial wave (l=O) at the threshold 
en rgy and 0: is defined as ft(8) = lft(B) leia(e) _ 
This assumes that s-\\·ave scattering dominates near thre hold leading to the vVigner 
threshold la"·. 
( .3) 
and proYides the forn1 for the background scattering amplitude about the threshold energy. 
The ha pe of the cu p or tep is dependent on the pha e hift in the second term of 
equation .1. r5o and a series of cases of the pha e 2r5o - o: shown in figure .2. Here. 
Eyb and Hoffn1an [19] ha-\·e compared a series of ca e : fixing the coupling constant, Ao . 
and the cattering an1plitude . ft - and considering n = 0, 1. 2. 3 we have ca es (a) thru (d) 
"·here 250 - a = 1 + n; and ca es ( e) thru (h) "·here 2r5o - a = i + n;. Van Reeth 
and Hun1ber ton u ed a Yariational calculation to determine a cu p in po itron-helium 
scattering. This cup had the character of case (c) in figure .2 which implie that the 
tern1 250 - a = 1 + n:; . 
8.3 Results 
A erie of 111ea uren1ent of po itron-n1olecule cattering "·a undertaken to earch for 
\\-igner cusp - about the onset of the po itroniun1 forn1ation thre hold in each of th 
111olecule-. The re ult of J one et al. [20) "·ere u ed a moti,·ation for the current earch. 
These re -ult are the fir t dedicated arch for channel coupling in po itron-molecule . cat-
terino- about the po itroniun1 forn1ation thre hold. 
8 .3 .1 I soelectronic S e ries of H elium: H 2 
A cu -p ha - been ob-erYed in the ela tic cattering cro ection for po itron catt rincr 
fro111 heliu111 ) . 20:. A di cu ed . theory and experiment are in di agreement a to the 
shape or enero-y dependence of the ela tic cattering cro ection. ).Iolecular hydrocren i 
isoelectronic "·ith heliun1 and a detailed et of cro ection for po itron-H2 catterincr are 
pre~ented in Chapter ,. The qua i-ela tic ( containincr ,·ibrational excitation) catterincr 
cross section ,,:as 111ea -ured in detail about the po itroniun1 forn1ation thre hold to look 
for a cusp feature . The re -ult - are ho"·n in ficrure :) .3 "·ith the re ult for po itron-h lium 
scatterincr -ho,Yn for co111pari 011. both experin1ental re ult are fitted with an ideali ed 
peak shape con -uuctecl fron1 a Lorentzian profile on a linear backQTound. A cu p in the 
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Fig ure 8 .3: Comparison of the elastic scattering cross sections for H2 and He in the region of the 
positroniun1 formation threshold. The solid line is a fit to the experirnental data in an attempt to 
para1neterise relevant aspects of cusp behavior. The fit was composed of a Lorentzian profile plus 
a linear background. 
elastic scattering channel is not clearly seen for molecular hydrogen. The cusp, in the 
helium case, is centered on the positronium formation threshold whereas the peak in the 
fit observed in molecular hydrogen is centered around 10 e V . The first electronic excitation 
is at 11.8 eV and the positronium formation threshold is at 8.68 eV. Therefore it is likely 
that the shape of the cross section for H2 is consistent with the expected smooth variation 
seen for many other scattering cross sections. 
8.3.2 Isoe lectronic Series of Neon: H 2 0 , NH3 , and CH4 
Of all the noble gases investigated by Jones et al. [146], Ne has the smallest cusp ( 4.1 ± 1 
% ) as a percentage of the grand total scattering cross section at the positronium formation 
threshold. The current result, see figure 8.4, confirm the magnitude and shape of the cusp 
previously observed (5.2 ± 2 % ) . The line of best fit is for the current data set and the 
fit from Jones et al. was not plotted. The statistical character of the data does not rule 
out a cusp of type (a) of figure 8.2 from [19], but the data of Jones et al. is indicative of 
a Lorentzian shape. 
The only available results for positron-water scattering in which the quasi-elastic scat-
tering cross section was reported are those of JVIakochekanwa et al. [92]. These results were 
unable to detect a feature in the quasi-elastic scattering cross section about the positron-
ium forn1ation threshold. These results have been compared to the current results in figure 
8.5. The statistical quality of the data is similar , with a small discrepancy in the absolute 
magnitude. Neither set of experimental results were able to observe a cusp feature similar 
to that observed in neon by Jones et al. [20]. In the case of water , the quasi-elastic scat-
tering cross section is nearly linear in shape over the region observed with each data set 
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elastic scattering cross section: solid black circles; current results , open triangles; results of Jones 
et al. [20]. The results for the positronium (Ps) formation cross section: current results, solid red 
circles . The horizontal red dashed line indicates the zero value of the P s formation cross section. 
The solid blue line is a fit to the current quasi-elastic scattering cro s section cross section , see the 
text for details . 
reporting the sa1ne lope with no cusp on the order of those seen in the noble gases . The 
positronium formation cross section appears to turn on in a linear fashion . 
Only one previous study of positron-a1nn1onia scattering has been und rtaken by 
Sueoka et al. [147] where the grand total scattering cross s ction was 1neasured. These 
results give no indication of a f ature about the postroniu1n formation threshold, but the 
Wigner cusps in the noble gases were observed in the elastic , and not observed in the grand 
total, scattering cross section . The current results are shown in figure 8. 6 and , similar to 
th case for water, a nearly linear energy dependence is seen in the quasi-elastic scattering 
cross section about the po itronium formation threshold indicated with a vertical dashed 
line. 
There are a large number of previous experi1nental results for positron-methane cat-
tering [123. 14 - 151]. These previous results m asured only the grand total scattering 
cross section and no measure1nent of the positroniu1n forn1ation absolute cross s ction 
ha been available until now. Previously, Charlton et al. [152] m asured the fonnation of 
ortho-positroniun1 ( o-P s) as a function incident positron energy, but assigned no absolute 
\-alue. This n1 asuren1ent gave a similar shape near the observed threshold , but reports a 
threshold lower than the P s fonnation thre hold , of 5. 1 e V , and have not be n included 
for clarity. vVhile no quasi-elastic scattering cross sections are available for methan in 
the literature. the vibrational xcitation cro s section have been me ured by Sullivan 
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Figure 8.5: Comparison of results for positron scattering from Water (H2 0). The results for the 
quasi-elastic scattering cross section: filled black circles; current results and open squares; results of 
J\!Iakochekanwa et al. [92]. The results for the positronium (Ps) formation scattering cross section: 
open red circles; current results and filled red squares; results of Makochekanwa et al. [92]. The 
horizontal dashed line indicates the zero value of the Ps formation cross section. 
et. al. [38] and will be discussed below in the context of the comparison between Wigner 
cusps in atomic versus molecular systems. The current quasi-elastic scattering cross sec-
tion results are shown in figure 8.7. The energy dependence is again nearly linear about 
the positronium formation threshold, indicated by a vertical dashed line in the plot. The 
positroniun1 formation cross section turns on with no corresponding feature about the 
threshold consistent with the other molecules in this series. 
8.4 Discussion 
No apparent Wigner cusp is observed for positron scattering from any molecules in the 
two series investigated here. 1\!Iolecular hydrogen is a diatomic molecule which can be 
vibrationally and rotationally excited. These excitations have threshold energies well 
below the positroniu1n (Ps) formation threshold and constitute many open scattering 
channels at the Ps formation threshold. Sullivan et al. [88] measured the vibrational 
excitation of the v1 mode and extrapolation of the experimental data puts the vibrational 
excitation of H2 at approximately 0.1 A 2 or rv 6 % of the scattering cross section at the 
Ps formation threshold. At the Ps threshold in H2 there are about 15 vibrational channels 
open in addition to numerous rotational channels and dissociation . The peak magnitude 
of the cusp observed in helium was 11 % ± 1.0 %. The cusp in helium and the vibrational 
excitation cross section in H2 are the same order-of-1nagnitude as a percentage of the grand 
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total scattering cross section. Thus if a cusp feature is present, it is considerably narrower 
in energy or smaller in magnitude than in the atomic case. However, the presence of many 
such additional scattering channels with a non-zero cross section could possibly suppress 
the observation of the cusp by sharing the coupling between all open channels. 
Table 8.1: Atomic and molecular configurations and parameters: ionisation potential; LP., first 
electronic excitation; 1st e*, static dipole moment, µ ; dipole polarizability, a. See NIST Atomic 
Spectral Database (ASD) [153] and NIST Webbook [154]. 
Target Configuration I.P. (eV) l st e* µ a 
He ls2 24.587 20.62 0 1.383 
Ne [He]2s22p6 21.564 16.62 0 24.56 
Ar [Ne]3s23p6 15.760 11.55 0 83.80 
Kr [Ar] 3d10 4s2 4p6 14.000 9.92 0 115.79 
Xe [Kr] 4dio 5s2 5p6 12.130 8.32 0 161.4 
H2 xi~+ 15.426 11.19 0 6.74 g -
H20 (lai)2(2ai) 2(1b2)2(3ai)2(1bi) 2, xi Ai 12.617 7.14 1.85 9.78 
NH3 (lai)2(2ai)2(1e)4(3ai) 2, _xi Ai 10.186 5.67 1.42 14.56 
CH4 (lai) 2(2ai) 2(lt2)6, ~i 12.618 8.61 0 17.61 
Table 8.2: Vibrational IVIode Energies and Symmetries (NIST Webbook) [154] 
Target Mode Ev ( me V) Symmetry Sym. Species 
H20 vi 453.4 C2v ai Sym. Str. 
V2 197.8 
V3 465.7 
Vi 361.7 
V2 190.2 
V3 374.3 
V4 161.9 
Vi 413 .7 
v2 117.8 
V3 427.0 
V4 201.7 
ai Bend 
b2 Anti. Str. 
ai Sym. Str. 
e Bend 
!2 Deg. Str. 
!2 Deg. Deform 
ai Sym. Str. 
ai Sym. Deform 
e Deg. Str. 
e Deg. Deform 
No Wigner cusps are observed for positron scattering from the isoelectronic series of 
Neon: Water, Ammonia and l\!Iethane. Again, if a cusp feature is present it is narrower 
in energy or smaller in magnitude that in the atomic case. Recall that for the case of the 
noble gases, only two scattering channels are possible below the first electronic excitation; 
quasi-elastic scattering and positronium formation , neglecting direct annihilation. In the 
case of the isoelectric series of Ne, the first electronic excitation is above the positronium 
formation threshold for all three molecules , see Table 8.1. However, each molecule has 
a number of fundamental vibrational modes, Table 8.2, which open at hundreds of me V 
collision energy. 
Water has three normal vibrational modes listed in Table 8.2. A recent attempt at 
measuring these modes was unsuccessful in completely separating the second vibrational 
mode from quasi-elastic scattering, but the measurement was consistent in magnitude with 
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electron cattering data of Khakoo et al. and El-Zein et al. [155 , 156). This electron data 
can be used to estimate t he magnitude of the total vibrational cross section at the opening 
of the P formation channel is nearly 1 A. This is nearly 10 % of the total scattering cross 
section at t he P s forn1ation threshold ·whereas the magnitude of the cusp in Neon was 5.2 
± 2 %. 
A1n1nonia has four norn1al vibrational modes listed in 8.2. Vibrational excitation of 
an1n1011ia via positron impact has not been measured with results for vibrational excita-
tion via electron impact sparse in thi case . However, some data does exist from Gulley 
et al. [157) for electron scattering, near the positronium formation threshold energy. Inte-
grating the differential cross section for the first and third vibrational 1nodes neare t the 
P s threshold yields a value of 0.58 A. This is ~ 4 % percent of the grand total scattering 
cross section at the positronium formation threshold of 3.3 e V. 
I\ Iethane has four normal vibrational modes . The cross section for the excitat ion 
of these mode fro1n ground state by positron impact has been measur d by Sullivan et 
al . [88) . In tho e experiments the first and third modes were degenerate as were the second 
and the fourth due to the fin it e energy resolution of~ 25 me V [8 ] . These measurements 
extended from threshold to 6 e V. From these results the magnitude for the excitation of the 
v1 + v3 1nodes . at the P s formation threshold of 5.81 e V , are~ 0.2 A and for the excitation 
of t he v 2 + v 4 modes are~ 0.1 A. Therefore , at the onset of positronium formation the total 
cro s section for vibrational excitation is ~ 0.3 A with four channels open, ignoring the 
po ibili ty of overtones. Overtones increase t he density of states and may have a strong 
effect on t he channel coupling . I\ Ieasurements of the quasi-elastic cattering cross s ction 
in the region about t he P s formation threshold are shown in figure .7. o cusp f ature 
is obser-.-ed about t he P s formation t hreshold. At this energy the vibrational excitation 
cross section ha a n1agnitude of ~ 4 % of the total scattering cro s section whereas the 
cu p in ~ eon was ~ 5 o/c of the total. 
The Lorenztian shape was chosen e1npirically to analyse the experimental data of J ones 
et al. [20). The ideali ed peak hape ,-.-as constructed from a Lorenztian profile on a linear 
background and " ·as adequate to describe the experimental data based on the ·tatistical 
nature of the data. earching molecules i oelectronic ,,·i th helium and neon have shown 
no uch cu p f atures due to the on et of the positronium formation channel. Eyb and 
Hoffn1an ha,·e ~ho,Yn that there are a number of possible shape. of \Yigner cusp which 
depend on the pha e beh-:een the already open channel and the opening channel or 5o . 
ee figure .2. Thi earch focu ed on cusps of a imilar 1nagnitude and shape a tho 
een in the noble ga e b\ Jon et al. finding none . but not ruling out sharp r feature 
or feature n1aller in n1agnitude. 
8.5 Conclusion 
The ~e are the fir t n1ea uren1ent searching for chann 1 coupling in the form of \Yigner 
cu ··p · in po i tron ·cattering fron1 n1olecule : H2. H2 0. ~H3 and CH l · The null mea ure-
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ment of a cusp feature in these molecules is likely due to open and non-zero vibrational 
excitations at the Ps formation threshold suppressing the magnitude below that detectible 
by the current experimental setup. Alternatively, the large number of states, in the molec-
ular case, may distribute the channel coupling, with no strong coupling to a single state. 
While no cusp was observed in molecular hydrogen, a further detailed experimental study 
of positron scattering from diatomic molecules may provide further insight as the vibra-
tional structure is less complicated that the molecules in this series. Ultimately, a molec-
ular system which has a negligible vibrational excitation cross section at the threshold for 
positronium formation would be ideal for testing the effect of the density of states. Further 
theoretical work in calculating the magnitude and shape of Wigner cusps would be of great 
utility to a future experimental exploration to guide the experimental requirements. This 
is particularly important since the only available theoretical prediction reports a shape 
and magnitude (in positron scattering from helium) in stark contrast to that measured by 
experiment. It is possible that cusps are present in these molecules , but smaller in 1nag-
nitude than the current set of experiments was able to measure. This limits the utility of 
these measurements in determining a trend in cusp formation in positron scattering from 
molecules. Separation of vibrational and rotation excitations so a true elastic scattering 
cross section could be determined for these molecular targets may be required to detect a 
cusp, and provide greater physical insight in to this coupling phenomena. As no trend was 
found in cusp results for the noble gases , a more thorough theoretical and experimental 
investigation of these cusps and their formation mechanism is also warranted. 
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Chapter 9 
Rotating Wall 
This chapter describes the theory of operation and implementation of a rotating wall elec-
trode in the buffer-gas trap . Particular attention is drawn to the energy distribution of the 
resultant positron pulse as well as the absolute number of positrons trapped. Comparisons 
are made between previous work where applicable. 
9.1 Introduction 
The accumulation of large numbers of positrons to form a positron plasma was demon-
strated by Surko et al. [158] and control of the positron plasma using the rotating electric 
field compression technique developed for plasma control [159 ,160] was subsequently shown 
by Greaves and Surko [161] . This work was extended by Greaves et al. [162] to demon-
strate the compression of a positron cloud that is not in the plas1na regime . This chapter 
covers the implementation of a rotating electric field compression technique to increase the 
central density of the positron beam, and reduce the diameter of the beam, for application 
to fundamental atomic and molecular scattering experiments . 
A rotating wall electrode cut into four quadrants with an oscillatory field applied such 
that each quadrant is out of phase by 90 degrees in circulation produces an asymmetric 
dipolar electric field rotating at the applied field frequency. It is this oscillatory field 
which allows control of the radial extent of the positron beam in the form of heating [161] 
whereas the applied DC potential determines the collision energy which determines the 
intera~tion between the positron and the trapping and cooling gases. 
9.2 Theory 
vVhen the positron density is low, compression of the positron cloud can be described as 
coupling to the bounce frequency within the confining potential well [162L 
w7 = fqv; 
- v~ (9.1) 
where V0 is the potential well depth , d is the length of the well , m is the mass of the 
trapped particle (positron) and q is the charge of the positron. Since a positron trap 
and accumulator typically use a diatomic gas for trapping and polyatomic gas for cooling, 
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a Stokes viscous drag is present in the full description of the positron 's rnotion in the 
potential [163] thereby con1plicating the description. 
9 .3 Implem entation 
As discussed previously in Chapter 3, positrons were trapped and cooled in a Surko-
style buffer-gas trap. One of the electrodes in the trap was divided into four electrically-
isolated quadrants. A combination of static and oscillating field was applied using a 
combination of the analog-output (PXI-6733) and amplifier (T506) and a radio frequency 
(RF) signal generator based on an AD9854 DDS or Direct Digital Synthesizer and designed 
and constructed at the ANU . The circuit allowed a DC-bias potential to be added to 
four phase-shifted signals before coupling to the electrode via coaxial feedthroughs. This 
resulted in a radio-frequency oscillatory potential applied to the segmented electrodes , 
cl> i = A cos (wt+ <Pi )+ VBias , (9.2) 
where i = 1,2,3,4 for each segment for <Pi = 0°, 90° , 180° , 270° and VBias is the DC poten-
tial provided by the high-voltage an1plifier. Each phase could be tuned using adjustable 
lun1ped circuit filters to provide the same amplitude to each phase. This resulted in four 
signals with the same amplitude, but out of phase by 1r / 2 or 90° . The frequency response 
of the lump circuit limited the usable output frequency to approxi1nately 22 IVIHz. The 
maximum amplitude of the RF signal was rv 1.4 V p - p· 
9.4 Operation 
The dumping technique used , see Chapter 3 §3.3.1 , required the well electrode to be raised 
and lowered during the trap cycle , see Chapter 3. When the RW-electrode was used as the 
well electrode, resulting signal was not ideal (AC + DC) due to loading affects. Rather 
than rebuilding the coupling circuit , the RvV-electrode was move into the load section of 
the trap or fron1 position 8 to position 6 as seen in figure 3. 7 of Chapter 3. Thus the DC or 
VBias pot ntial did not vary ov r a trap cycle. The RF potential could be applied for part 
or all of the trap cycle. but generally it was run continuously during loading, cooling and 
clu1nping of t he positron b am. which lead to the greatest improvement in throughput . 
The t rap cyclic rate was rv 100 Hz with th loading t age constituting of more than 
60 % of the cycle time. The RvV electrode was in position E6 , se Chapter 3, or near the 
longit udinal cent re of the trap. During loading , the RW field w s applied , off of centre, 
to a , ·ery anharn1onic potential very differ nt to the normal configuration [161]. Ov r 
the extent of the R\Y electrode the DC potential was nearly con t ant. However. during 
the cooling and du1nping of the positron beam , th adj acent electrode (E7) was rais d 
to isolate t he par t of the positron beam which was to be cooled before dumping. This 
changed the DC potential to that similar to the st andard configuration for compr sion , 
albeit slightly anharn1onic. and the RF field only cov red about a quarter of the po itron 
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beam. Thus during the cooling and dumping of one component of the positron beam , the 
other was being tailored using the RW electrode . 
9.5 Results 
The time scale of accumulation and dumping of the positron bea1n in this imple1nenta-
tion of a Surko-style buffer-gas trap was significantly faster than those used for previous 
positron compression studies [161]. However , compression has been observed on shorter 
time scales resulting in an increase in the central density of 20 % [164] . In an effort to 
explore the effect of the RW potential the amplitude (A) and frequency (J) were varied 
for a fixed well depth, see figure 9.1. The resulting phase space plot indicates a strong 
peak at approximately the bounce frequency of the positron in the potential well. In 
the experimental system a beam defining aperture, 4.5 mm in diameter , is present in the 
system whereas the inner diameter of the trap electrodes are 2 cm. Due to collisions with 
the trap gases positrons will diffuse to fill the space radially, subject to the collision en-
ergy. Therefore , observation of an enhancement of the number of positrons at the bounce 
frequency which is proportional to the amplitude of the applied RF signal is evidence of 
radial compression of the positron beam. 
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Figure 9.1: Colormap plot showing the phase space of RvV signal. Frequency and Arnplitude of 
the RF signal were varied and the resulting positron signal recorded. Pulse area is proportional to 
number of positrons . 
The effect of the RF field on the positron beam can be readily seen in the parallel 
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energy width or E ll · The energy with is 40 1ne V when the RF field is off, but wh n the 
RF field is applied the positron beam energy spread increases to 80 n1eV , see figure 9.2 . 
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Figure 9.2: Comparison of t he positron beam parallel energy distribution between the on and off 
states of the RF field. 
The measurement of the positron cloud was done without the use of imaging techniques. 
Instead, the amount of charge per pulse was measured and co1npared as a function of 
frequency or amplitude because the measurement of the total charge of the b am require 
less accumulat ion t ime. It is also true that the ultimate aim of this work was to put more 
po itrons through t he scattering cell so a relative measurement of intensity wa sufficient . 
I\ Ieasure1nent of the parallel energy width was of importance for scattering measurements 
from atoms and molecule because it dictated which cattering measurements could b 
undertaken. see Chapter 3. 
9.6 Discussion 
The main difference of this to previous implementations is the trap repetition rate of rv 
100 Hz versus 4 Hz of Cas idy et al. [164]. We observe a similar percentage improvement. 
but our measurements ar aperture pecific and do not constitute a dir ct measure of the 
trapping ffi.ciency. 
In the context of scattering experiments the increase in the parall 1 energy width 
becon1e an i ue \\·h n trying to measure proce es which are separated by maller than 
the energy \Yid th of the bea1n or if :vou want to measure small feature . like the onset of 
P forn1ation or re onant structures. Thi is likely due to the RF field permeating t he 
entire trap cavity effectively heating po itrons in the trap during the entir trap cycle 
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resulting in an increase in the parallel energy width of the beam. However, as discussed 
previously, the parallel energy width also corresponds to an effective angular resolution or 
limit when conducting angular resolved scattering experiments. In cases were the increase 
in energy width is insignificant , the increase in the positron flux from the trap can be used 
to decrease the accumulation time for a particular scattering experiment. 
While there are two regimes for positron compression in a Surko-style buffer gas trap, 
the cycling time of the current trap is too fast and the densities too low to apply the 
plasma compression techniques. The results presented here show that the simple idea of 
the bounce frequency of the positron in a harmonic well is a sufficient predictor for the 
optimum frequency regardless of the non-ideal configuration. The fundamental nature of 
the bounce frequency in a harmonic trap resulting in a decrease in the loss of positrons 
due to radial diffusion, makes this a powerful tool. It has been selectively used to increase 
positron flux in the measurements presented in this thesis. 
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Chapter 10 
Conclusion 
A senes of experimental results for positron scattering from fundamental atomic and 
molecular systems has been presented. The principles of scattering in high magnetic fields 
have been used to conduct experiments which separate elastic scattering from inelastic 
scattering so the total forms of these partial scattering cross section can be determined as 
a function of the incident positron energy. A variety of measurements for an assortment 
of atomic and molecular targets included: Helium, Neon, Hydrogen (H2), Water (H20), 
Ammonia (NH3) and 1\!Iethane (CH4). 
The elastic differential scattering cross section have been measured at various impact 
energies for helium and compared to available theoretical calculations. Agreement between 
theoretical and experimental results are reasonably good at some scattering energies. Be-
low the positronium formation threshold, where theory should be able to provide an 'exact' 
answer, the experimental results show differences, making the extraction of partial-wave 
phase shifts problematic. These results show that the benchmarking of positron helium 
differential scattering will require further improvements to the current experimental tech-
niques. 
In the case of molecular hydrogen, at least one theoretical result provides good agree-
ment in the angular dependence, but the a large discrepancy in the absolute magnitude 
still remains. Unfortunately, at this time, no theoretical results have incorporated nuclear 
motion, which can have a large effect on the scattering cross section, and will require 
further development of this difficult scattering problem. 
Grand total scattering cross sections have been measured for molecular hydrogen with 
particular attention paid to scattering energies below 10 e V . The primary reasons for the 
discrepancies between experimental results was due the difference in the angular accep-
tance of individual scattering apparatus . Agreement at energies above 10 e V is very good 
between available theoretical calculations and experiment at the grand total level. How-
ever , the n1ulti-centre nature of positron-molecule scattering has not been properly tackled 
as yet and it is likely that the current discrepancies will narrow with further theoretical 
work on this complicated scattering problem. 
The total inelastic scattering cross section was measured for molecular hydrogen from 
the threshold for the first electronic excitation to above the double ionisation threshold. 
General agreement was seen between the available experimental data for electronic ex-
citation and the available results for direct ionisation. The measurement of the total 
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or integral ela tic scattering cross section also provided reasonable agreement with the 
available theory. 
Channel coupling 1n the form of Wigner Cusps was pursued in th molecular iso-
electronic series with the noble gas, Neon: \Nater (H20), Ammonia (NH3) and Methane 
(CH4 ). No feature was observed at the limit of the sensitivity of the apparatus. vVhile 
this was likely due to the density of states, the existence of cusps in these systems due 
to the onset of positronium formation cannot be completely ruled out. Whil there is a 
hint of a cusp in molecular hydrogen , it is not centred about the positroniun1 formation 
threshold as in its isoelectronic atomic counterpart. The 1neasurement of the cross section 
for excitation of the fundamental vibrational 1nodes have been 1nade for 1nolecular hydro-
gen and methane , but has yet to be for water and am1nonia, which may provide further 
insight. Additional experimental efforts in the region between 100 me V and 1 e V would 
provide for the exploration of the effect of the on et of vibrational channels on the elastic 
scattering channel providing a potentially rich region of exploration of positron-molecule 
collisions . 
A search was conducted for resonances due to the presences of a positron bound to a 
doubly-excited state of helium. Unfortunately, no feature attributable to a resonance was 
detected in either the grand total or positronium formation scattering cross s ctions. An 
upper bound on the strength of the was determined resonance based on the experimental 
energy resolution and the statistical uncertainty. If the resonance due to the te1nporary 
bound state of a positron bound to an excited state is similar to the comparable temporary 
negative ion resonance, it is beyond the detectable limit at this time. However , a search 
in this energy region of the Zeff may provide a measurable signal, but would r quire 
modifications to the existing apparatus . 
The i1nplementation of a rotating electric field to increase the central density of the 
positron beam was succes ful. However , it was at the cost of the parallel energy width in 
the current configuration. While this decreased the accumulation time for 1neasurement of 
scattering cross sections at high energy, it provided no aid in t he search for narrow features 
in total and partial scattering cross sections. Further exploration of the many possible 
operational modes of the trap incorporating a rotating-wall lectrode is warranted . 
10.1 Future Directions 
There are many exciting positron scattering experiments t hat are enabl d by the sy tern 
de cribed in this thesis. A few of the most relevant are covered h re , but this list is not 
exhaustive. 
10.1.1 Fundam ental Positron Scattering 
This syste1n was originally conceived for measuring absolute positron catt nng cros 
sections and thereby te t our th oretical under. tanding. 
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Benchmarking the Positron-Helium System 
The results for the elastic differential scattering cross section for positron scattering from 
helium are clearly not at the benchmark level over the range of investigation. The experi-
mental technique used to determine the elastic DCS is sensitive to the percentage scatter . 
Si1nply decreasing the target density is a solution, but at the cost of accumulation t ime. 
Further improvements in t he operation of the RW to increase the central density of the 
positron beam may allow for measurements at less than 1 % scatter on time scales shorter 
than a week. 
Fundamental Positron-Atom Scattering 
Extending the work on Helium to I eon and Argon for elastic differential scattering cross 
section would be of interest . A study of the elastic DCS's about the positronium formation 
threshold may shed some light on the puzzle of why there is no trend in the integral elastic 
cross section as a function of any atomic para1neter. Recalling that the cusps are not 
detectable in the grand total, but are observed in the partial scattering cross s~ction . 
A recently commissioned vacuum oven has the potential to provide gaseous alkali and 
alkali-earth metal targets for scattering experiments. A search for positron binding to Li, 
I a, Nig, and Ca are of interest due to recent calculations predicting resonance structure 
due to the existence of the a bound state . It may also be--necessary to develop a new 
scattering apparatus to 1neasure the annihilation rate as this channel has proven the n1ost 
effective in detecting resonant structure . 
Fundamental Positron-Molecule Scattering 
A similar investigation of other hon1onuclear diaton1ic molecules as was carried out and 
reported on in this thesis for molecular hydrogen will be of great importance as the theo-
retical tools to tackle the co1nplexity of the proble1n continue to develop. Continuing this 
investigation to other diaton1ic molecules such as N 2 and 0 2 and heteronuclear diatomic 
1nolecules such as CO would co1nplement the recent n1easuren1ents of the total and di-
rection ionisation scattering cross section . However , a new investigation would focus on 
elastic differential n1easure1nents of I 2 , in particular , the region about the threshold for 
excitation of the a 1 Il9 state. 
10.1.2 C 60 Resonance Search 
Scattering resonances provide a strict test of the theoretical n1odels used to describe the 
interaction. The lack of detectable resonances in elastic scattering of positrons from noble 
gases or from si1nple diatomic [114] and polyatomic molecules leads to the search in larger 
1nolecules. ote that Vibrational Feshbach Resonances (VFR) have been observed in 
measurements of annihilation of positron on molecules [28]. Recently, large molecules , 
such as C50 have been used to stud corrfinen1ent resonances [165]. This have lead to a 
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large amount of theoretical work in trying to explain the re onanc s satisfactorily. Th 
possibility of positron confinement resonances in C50 is tantalising. 
There are many theoretical predictions of resonance structure in positron cattering 
fro1n aton1s and molecules that can be found in the literature [14,166,167]. Unfortunately, 
there has been no evidence to date for scattering resonances in the elastic scatt ring 
channel [114, 168], while a large a1nount of resonance structure has been observed in 
annihilation channel for large molecules [146]. 
l\!Iore than ten years ago, the work of Gianturco and Lucchese predicted resonanc s in 
scattering of positrons from C50 [166]. They found that positrons could be trapped both 
outside and inside the C50 cage. No experimental work has been conducted to determine 
if these resonances exist and, if so, which model for positron-C50 scattering correctly 
describes the interaction potential. This is primary due to the difficulty in producing a 
vapor target of C50. It is also true that the energy width of positron beams regularly used 
in scattering experiments have only now become narrow enough, due to the advent of the 
Surko-style trap, to warrant an extended search with the ability to distinguish between 
the proposed theoretical models . 
The ory 
In the treatment of a large molecule such as C50, the fixed nuclei approximation is us d to 
decrease the complexity of the scattering problem. It is modeled as a potential scattering 
problem in which the charge distribution of the molecule is calculated using GAUSSIAN 
( version 94 , in this case). The total interaction potential is written as, 
(10.1) 
where the correlation potential ( CP) is determined by calculating the second-order per-
turbation expansion [128], 
"' CY[ Vcp(rp) = L......t - 2z+2. 
l=l 2rp 
(10 .2) 
Two different methods have been used to determine the interaction potential. One being 
th electron correlation potential (ECP ) where th potential is modeled as a homogeneous 
electron gas [169,170] . The other being the positron correlation potential (PCP) wher the 
potential is generated using density functional theory for an isolated positron interacting 
with an electron gas [171] . The correlation potential, either ECP or PCP, together with 
th static potential is used in a single-centre corresponding closed-coupling calculation 
with the nuclei fixed. 
There are two types of resonance discussed in Gianturo and Lucchese [166]. The first 
resonance is an angular-mo1nentum barrier resonance where the po itron i bound out id 
of the C60 cage . The econd re onance was at low angular 1nomentum where th po itron 
is trapp d inside th C50 cage. Both types of re onance are observed for both th oreti-
cal de cription ·. but require differing amounts of correlation strength. The e resonance 
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Figure 10.1: Theoretical results of Gianturco and Lucchese: Left Panel, Positron Correlation 
Potential (PCP); Right Panel, Electron Correlation Potential (ECP) [166] . 
manifest in both the total scattering cross section and the elastic differential scattering 
cross section. The predicted resonance structures in the total scattering cross section ap-
pear as syn1n1etric profiles . This is the case for both confinement within the cage and 
trapping outside of the cage. The sharp structures predicte_d by both theoretical models 
provide a signature which is easily verifiable . As discussed in the experimental Chapter 3, 
the present Surko trap based positron beamline line can provide a bean1 with an parallel 
energy width of 60 n1eV or better . The various resonances predicted by the PCP theory 
shown in figure 10.1.2 range from 250 and 750 me V FvVH:t\/1. The theoretical predictions for 
the elastic differential scattering cross section, using the ECP and PCP appoarches: show 
significantly different angular dependence. The folded theoretical results of Gianturco and 
Lucchese [166) are shown in figure 10.2, which are comparable to the measurements able to 
be made with the current experiment. There is a clear difference between the PCP results 
at the energy of a predicted resonance and away from the resonance. The comparison for 
the ECP results are not as clear although it should be noted that the theoretical results 
are plotted on a logarithmic scale . 
Comparison to Electron Scattering 
series of theoretical results on electron scattering fro1n C60 at energies below 100 e V is 
also present in the literature [1 72). These results and the references therein indicate that 
the GTCS for this S} sten1 ranges between 100 and 200 A 2 . The measurement of Tanaka 
et al. [173) are the onl} gas pha e results below 100 e and only cover the region from 1 to 
11.5 e . Pre -ious compari on between positron and electron cattering. (see Chapter 2): 
would impl hat the GTCS for po i ron hould be lower than the result for electron . 
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C60 which has been folded about 90° to compare with possible experimental results, see text . 
Proposed Experiment 
The nature of the theoretical description of t he scattering problem yields large differences 
in both the magnitude and shape of the scattering cross section for positrons and electrons 
at low incident scattering energies . To gain accurate results using this exp rirnental ap-
proach, the determination of the density of the target vapor is difficult in a vacuum oven 
and is critically dependent on accurate vapor pressure curves . However, the energy depen-
dence of both the grand total scattering cross section and the elastic differential scattering 
cross s ction are markedly differ nt betw en the ECP and P CP theories allowing for a 
co1nparison of the relativ shape of the cross sections rather than absolute magnitud . 
The ionisation potential of C50 is approximat ly 7 .6 e V [154]. This puts the positro-
ni tnn forn1ation threshold at 800 me V allowing the 1nethods discussed in th thesis to be 
used without 1nodification for the determination of the grand total scattering and positro-
nium formation cross section . 
Leach et al. [174] reported a number of vibrational excitations from rv 160 meV to 560 
n1e V and electronic excitations beginning at rv 3.04 e V ( obs rved: 1 1T1u) . Th vibrational 
excitations are too tightly spaced to separate even with the highest energy resolution 
positron bea1n (25 me V parallel nergy width) , but a the sum of all vibrational excitations 
could be 1neasur d. The total quasi-elastic and inelastic cattering cross sections could 
also be 1neasured using the techniques de cribed in Chapter 4. 
The xperi1nental apparatus i usually run such that the total amount of scatt r 1 
10%. This define the density r quired for a g1v n scatt ring cro section at a giv n 
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energy by the Beer-Lambert Law. The vapor pressure curve for C50 is, 
( 
p ) 9154 ± 150 log - = (8.28 ± 0.02) - , kPa T (10.3) 
from Piacente et al. [175]. To obtain a density of 1012 per cm2 for a scattering cross section 
of 100 A, a temperature of 441 K or 168 degrees C is required. This is well within the 
operational range of the vacuum oven that has been constructed for use on the apparatus 
described in this thesis. 
The search for scattering resonances often takes a significant amount of accumulation 
time due to the cross sections which are small. While the strength of the predicted 
resonances is large, the two theories predict different resonance energies requiring a search 
of as a function of energy. A calculation of how much target mass will be required for the 
measurement is needed . This can be calculated using the following equation for the mass 
flow between two volumes, 
(10.4) 
where r is the radius of the aperture connecting the two volumes, R is the idea gas constant 
and T is the temperature [176]. Assuming a background pressure outside of the hot cell 
of 1 µTorr and a pressure in the hot cell of 30 µTorr, the mass flow rate is 5xlo-8 grams 
per second. Thus one gram would last over 200 days of operation and 200 mg would last 
rv 45 days making the search for resonances in C50 possible. 
Conclus ion 
An experiment based on the range of available theory and experiment in literature has 
be outlined using existing capabilities. The dangers posed by vaporising a carbon target 
in a vacuum system may seem too great to the seasoned experimentalist, but the demon-
stration of this capability is of great importance for the future of positron scattering in 
preparation for the study of metal atomic targets. It also is of fundamental importance 
as the nature of the two theories used are very different and no subsequent theory has 
predicted similar structure, suggesting the likelihood of their existence tentative at best. 
A thorough investigation of low-energy positron scattering from C50 would yield useful 
information both in the grand total scattering cross section , elastic differential scattering 
cross section and the operation of a vacuum oven. 
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